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In order to study migration of the hydroperoxy group 
on treatment of 8-halohydroperoxides with base, the halo- 
hydroperoxides of isopropylidenecyclopentane, 16, were 
prepared. 1-(1-Bromo-1l-methylethyl)cyclopentyl hydroper- 
oxide, 11, the iodo compound, 15, and a mixture of 1-(1- 
chloro-1l-methylethyl)cyclopentyl hydroperoxide, 14, and 
Geer per einai le nnaicuclonenty.t chloride, 28, 
were converted to their crystalline p-nitrobenzoate 
esters. Treatment of either the 8-halohydroperoxides or 
their peresters with base gave two allylic hydroperoxides, 
1-(methylvinyl)cyclohexyl hydroperoxide, Lssyand 41—()- 
hydroperoxy-methylethyl)cyclopentene, 12, with the allylic 
hydroperoxide containing the migrated hydroperoxy group, 
12, being formed in at least 70% yield. The product ratio 
12/13 was hardly affected by the halogen leaving group. 
This hydroperoxy migration can be explained exclusively 
by a perepoxide intermediate. 

The same allylic hydroperoxides, PaSengnie. weve wpno= 
duced by reaction of 16 with singlet oxygen and triphenyl- 
phosphite ozonide but a perepoxide intermediate is not 
involved in these reactions. A possible mechanism for 
the reaction of triphenylphosphite oxonide with olefins 
1S discussed: 

1(5)-Bicvyelols:. 220 loctene, Be abi cyclo] 5.32 0)- 
decene, 66, and 1(8)-bicyclo[6.4.0]dodecene, 74,. were 
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prepared and 98 and 66 were converted to tricyclic dioxe- 
tanes, 9,10-dioxa[3.3.2]propellane, 48, and 11,12-dioxa- 
[5.3.2]propellane, 49, respectively, by treatment of the 
iodohydroperoxides of 98 and 66,with silver acetate. No 
halohydroperoxide or dioxetane of 74 could be prepared. 

The activation energies for the thermolysis of 48 and 49 
were 24.5 and 29.8 kcal mole !, respectively, and the singlet 
and triplet excited state yields of 48 and 49 were 0.0066 
and 0.084, and 0.0012 and 0.125, respectively. 

The three known tricyclic dioxetanes, 48, 49 and 
11,12-dioxal[4.4.2]propellane, 42, all show different 
energy partitioning between triplet and singlet state 
products produced on thermolysis, 3g716 beings Slit 2413 
and 104 for 42, 48 and 49, respectively. It was not pos- 
sible to determine if this effect was due to strain in 
the thermolysis products but this behaviour of tricyclic 
dioxetanes must be explained by any mechanism purporting 


to explain dioxetane thermolysis and chemiluminescence. 
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CHAPTER: J 


Evidence for a Perepoxide Intermediate in the Reaction of 
B-Halohydroperoxides with Base 


ulmlgone Om Uwecs laser. 


This project was carried out in order to clarity tne 
mechanism of the reaction between B-halohydroperoxides 


and base, eq. [1] and to confirm the intermediacy of a 


OH OH 
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peroxide in this reaction. 

Most of the literature prior to 1973 in this and the 
related areas that will be discussed, has been reviewed 
by van de Sande (1), Scott (2) and Kopecky and van de 
Sande (3). 

The formation of allylic hydroperoxides on treatment 
of B-halohydroperoxides with base is not a general reaction, 
Succeeding only with 8-halohydroperoxides of tetrasub- 
Stituted olefins. Treatment of less substituted B-halo- 
hydroperoxides with base results in formation of other 
products, some of which are formed from dioxetanes (Aye 
In fact, treatment of di- and tri- substituted B-halohydro- 
peroxides with base has been used to prepare dioxetanes 


(5). 
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What is the mechanism of the reaction of tetrasubsti- 
tuted B-halohydroperoxides with base? van de Sande (1,3) 
found that the hydroperoxy group of 8-bromohydroperoxides 


migrates in the presence of base. His results are shown 


neq. | 2). 
CD. Br CD. OOH °op/cp,00 
ed ea ey) 4}. CH +7 Ch -—}-- CH ee 
3 3 3 3 0°C 
OOH CH, Br CH. 
| 2 
CD H CD 
3 oe 3 Z 2 
cD, the Utes <a 
OOH CH OH CD 
5 S 
3 4 
ie = 0.63 3/4 = 2.2 


Kopecky and van de Sande (1,3) proposed several possible 
mechanisms for the formation of rearranged product in eq. 
[2]. One of these mechanisms involved a dioxetane inter- 
mediate but this was dismissed (3) when it was observed 
that tetramethyldioxetane was stable under the elimination 
reaction conditions (5). A second mechanism involved a 
fragmentation of the halohydroperoxide to an olefin and 
Singlet oxygen which then recombined to form the allylic 
hydroperoxides. Evidence against this mechanism was 

also presented (3). Kopecky and van de Sande also con- 


Sidered the possibility that a pair of rapidly intercon- 
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verting zwitterions as shown below could account for the 


098 00 


hydroperoxy group migration. This mechanism was ruled out 
since there should be such a difference in the stabilities 

of the zwitterions obtained on treatment of 3-bromo-3-methyl- 
2-(4-methoxyphenyl)2-butyl hydroperoxide with base that only 
the allylic hydroperoxides from the zwitterion with the 
benzylic carbonium ion would be expected as the product. 
However, both possible allylic hydroperoxides are obtained 
and so Kopecky and van de Sande (3) concluded that migration 
of the hydroperoxy group on treatment of §-halohydroperoxides 
with base was best explained by formation of a perepoxice 
intermediate and conversion of this perepoxide to the allylic 


hydroperoxides without the involvement of a zwitterion. 


Kopecky and van de Sande (1,3) also showed that no 
direct elimination was occurring when a mixture of ] and 
2 was treated with base since the ratio of | to 2 re- 
mained constant over the course of the reaction. This 
would not occur if direct elimination was involved since 
the isotope effect would cause 1 to react faster than 2. 

In order to obtain more information about the exist- 
ance of a perepoxide intermediate in these reactions, 


Scott (2) studied the reactions of the halohydroperoxides 
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Scott found that the ratio of 8/9 was about 15 no 
matter which halogen was used. Not SuUYprisinay "tie ree 
action of base with the p-nitrobenzoate ester of 9 gave 
the same result. The ratio 8/9 = 15 means that the pro- 
duct mixture was 94% 8 and only 6% ve wPHUNeVeRN tie trace 
that 9 was present at all implied that migration of the 
hydroperoxy group had taken place. This was attributed 


(2) to a perepoxide intermediate. 


Br 
OOH 


10 


Baldwin and Lever (6) also studied the reaction of 6 
with base. They reportedly prepared two different mix- 
tures of 6 and its isomer 10 and treated these mixtures 
with base. From n.m.r. measurements they found that the 


ratio of 8/9 was the same as the ratio of starting materials 


‘ . hi . i y ay eee) 7 m8 ay as Af am, oie ‘ : | ily 
| a ns a ‘ os 


| rr 
as ae : ieee ni, 
: er Ae nae ‘9 r ‘ 5: 


ty v 


ones tyods 2sw O\G esi: Scat 
oh pat erentetrayye tou ‘beet ean . 
ovep 2 to vahes staospadoyzhnag we tah oxi to sia 
~o1g sft deed) 2n69m 21s ERS ofgs mal Syston . 
fon? ett, <avewoR $ 8 xtec baie! 3 ee suiakie bi 
ett to not yexgtm rot det foirt hie, al ell sow ‘4 
baswdiyiss e6w: 2ray . 92679 nates bait quo YxKOTSG) 
-scezeainnbok sb int | 


7 


2 85 co i" pila 


ey : eae 


of 


6/10 and concluded that no migration of the hydroperoxy 
group had taken place. 

However, Baldwin never purified his bromohydroper- 
oxides or separated them; neither did he isolate or 
purify the resultant allylic hydroperoxides. Scott used 
pure, single isomers in his experiments. Scott (2) also 
found no trace of 10 in his preparation of 6 while Baldwin 
reported that,under conditions similar to those of Scott, 
he obtained about 20% 10. Baldwin's (6) conclusions do 
not agree with those of Scott (2) or with those presented 
in this chapter which confirm and expand the results of 


DCOLtU. 


Preliminary results of Scott (2) showed that in the 
reaction of the g-bromohydroperoxide of isopropylidene- 
cyclopentane, ll, with base,eq. [4], the ratio of 12 to 
13 was much closer to one and would therefore provide 
better evidence for migration and a perepoxide intermedi- 
ate than could be obtained in the analogous isopropyl- 


idenecyclohexane series. 


[4] : 
Br : ae OOH J 
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This chapter, then, deals with a study of the B-halo- 
hydroperoxides of isopropylidenecyclopentane 14, 11, 15, 


~~ 


and their reactions with base. 


For comparison purposes, the 12/13 ratios for the re- 
action of 16 with singlet oxygen (via photosensitized 
oxygenation) and with triphenylphosphite ozonide were 
also measured. 

The question of the existance of a perepoxide has 
been investigated mainly in connection with the mechanism 
of photosensitized oxygenation of olefins. Sharp (7) 
and Kopecky and Reich (8) proposed that the perepoxide 
was an intermediate in the reaction between Singlet oxy- 


gen and an olefin to yield allylic hydroperoxides, eq. She 


0,>hv 
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Kearns (9) provided evidence for the existance of a 
perepoxide in this reaction by supposedly Craeupanag Le 
with azide ion to form an azidohydroperoxide. However 


Foote (10) showed that the amount of azidohydroperoxide 
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produced depends on the sensitizer used and also that the 
azido compound could be formed in a free radical reaction. 
Foote concluded that there was no common intermediate in 
the production of the allylic hydroperoxides and the azido- 
hydroperoxides. Gollnick (11) has also presented evidence 
that the azidohydroperoxides were formed in a free radical 
reaction. Kearns (12) later found basically the same re- 
Suits 

Kopecky and van de Sande (3) had proposed that the 
allylic hydroperoxides produced in the reaction of 8-halo- 
hydroperoxides with base were formed via a perepoxide in- 
termediate. However they found that in the photosensitized 


oxygenation of 7, the ratio of allylic hydroperoxides 3 


CD, N /CH3 
CD3° ‘CH 


a7 18 
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and 4 was Significantly different from the same ratio from 
the halohydroperoxide reaction, eq. [2]. This led to the 
conciusion that a common intermediate was not involved in 
the two reactions and since a perepoxide was implicated in 
the halohydroperoxide reaction it could not be the inter- 
mediate in the photooxidation. This result was confirmed 


by Scott's (2) study on isopropylidenecyclohexene, 18, 
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where he showed that different product ratios were 
obtained from the photooxidation and §-halohydroperoxide 
elimination reactions. The o/ Sm ae Osaare® Won tor! the 
elimination reaction and 0.11 for the photooxygenation. 
With the existance of the perepoxide intermediate 
apparently disproven, the mechanism commonly accepted 
by most authors, for example (13-16),is the concerted 
mechanism involving a 6-centered transition state due 


tomNwekon &(1i7,18)5.-eq. [6]. 
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However, the proposal that a perepoxide intermediate 
was involved in photooxidation reactions did not die. In 
1973, Schaap and Faler (19) obtained some adamantylidene- 
adamantane epoxide, 20, in the photosensitized oxygena- 
tion of adamantylideneadamantane, 19, the major product 


Of Ne reaction being =the dvoxetane, 215. eq. 17). 


wo bs : ; pis, “ a at nr wh hy vom, 
ost cehnnhNendlbt as’ via’ | 
sid vad #f ‘one ae 
_noF¥sbapyxoot ong and iy bon 
ote hugniagh’ Sabi xoqsveq Rech: 
bedqadoe _hamnps we ai _ tevotaatt. oe 
agdvsonen oWy ef, (31-ET] sued tor. «24odsus ees 
eub ot6t2 nolstensts beteaneg-3 & shai neinshiom : 
Shit ee «(8 Me howe of ate 


= Os sa bd Hi 
y a ; 3@ a 
| a A 
Tete): Wee ; 
P: el Pat hoe re >. Te 
ary i : 
rs t ¥ : a] 4 
a > 7 
Ve 


styhbemutat obi koqarsq ‘ sanz Isdogorg oft . wavawoH 
Al ,.et® Don BRD enottonen nottsbtxootong ah bovlovnt as ; ar 
~onsbi fydnsmabs ance bantatdo (er) tater bas see ENOL | 
“BSED best rtenezosonq gis nt 93 rebtxoge an stasnsbe.: 
souborg oh ee Sa? BF, <PTad nsmsbsonsbF ! Lin eenbe Je: ihe 
EN}. pe «13 ,aiazoxotd, of, ented nottoses sft to fe 


: A i 
* & é. antic: ey to! ele a 


) i; “on 7 Pach ia th Bers otter G 
er ore re ir Pia Nighi rine: 


oe .: 
eae ‘i 
told Le es ie 
ee ni sf 


1) a 


ea a) 


"i by : 


wa 
] O 
"2 ee 
nee re } Ad 
pinacolone 
19 20 
O—O 
Ad { \ Ad 
2] 


Schaap (19) also found that t-butyl acetate was 
formed in this reaction and he attributed the formation 
of this and 20 to the reduction of a perepoxide in a 


Baeyer-Villiger-type reaction, eq. [8]. 


[8] f 
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However, Jefford and Boschung (20) repeated Schaap's 
experiment and found that the yield of epoxide was de- 
pendent on the sensitizer and furthermore no t-butyl 
acetate could be detected. Jefford (10) also showed 
that radicals were involved in the formation of 20 since 
with rose bengal as sensitizer the photoxidation gave 
mainly 20 as the product, but when the radical trap di- 
t-butyl-p-cresol was added, only the dioxetane, 21, was 
formed. 

As additional evidence, Jefford and Boschung (21) 
showed that photooxidation of norbornene using methylene 
blue gave very low yields of dioxetane and epoxide. How- 
ever, photooxygenation in pinacolone did not increase the 
yield of epoxide or result in the production of any t- 
butyl acetate. 

Similariy, Bartlett and Ho (22) photooxygenated 7,7'- 
binorbornylidene in a variety of solvents and using 
several sensitizers they obtained varying amounts of 
epoxide and dioxetane. However, since more epoxide was 
produced in benzene than in pinacolone they concluded 
that a Baeyer-Villiger process as outlined in eq. [8] 


did not occur. 
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In the photooxygenation of 22, Stephenson (23) com- 
pared the deuterium/hydrogen ratio to the R/S ratio in 
the product allylic hydroperoxides. Using acetone as 
the solvent the two ratios were equal but in methanol 
they were not. They attributed this difference to a 
perepoxide intermediate being intercepted by a molecule 
of solvent methanol in an assisted $-elimination and 
showed that this mechanism could explain the difference 
in the D/H and R/S ratios. Qn the other hand, the con- 
certed mechanism for allylic hydroperoxide formation 
was shown to always result in equal D/H and R/S ratios. 
Note that Stephenson's work does not provide direct 
evidence for a perepoxide,but it was proposed since it 
provides the simplest explanation of the results. 

Dewar and co-workers (24,25) and Inagaki and Fukui 
(26) have shown using theoretical calculations that a 
perepoxide-like intermediate would not be unexpected in 
photosensitized oxygenation. Dewar (24) in fact, goes 
so far as to say that, in the case of photooxidation of 
olefins not carrying electron-withdrawing substituents, 
both allylic hydroperoxides and dioxetanes are formed 
from the perepoxide. As experimental evidence for his 
theoretical arguments, Dewar relies heavily on the work 
of Schaap (19) on 19 “discussed earliew and later *shown 


to be incorrect (20). Flt shotld also be noted that 


aw 


ey 
ir ae aay ah 
ate otter 2\n' ons ot” 
26° 9itdon8 pnt zt ash | bony SAS 
Vonstdom $F sud Teupe es ony taovies ode 
6 03 songteTith ata. eon aioe | on seweye Foy: 
oTisataw & xd Bedies TT aah si ibeadet! dela 
bine not Yenkmt f9- 6 betateem we at Tonstsom 9’ 
gonavottib sav atetoxe bub etnsdgen tay $6hs | | 
-n09. 913 .bnat tonto od 0 szotis+ 2\8 bap WV wht ah bi is 
ere sbixavecasbya at INET soo mekusdem befres a 
,20%287 2\9 bas H\O / bups at $fuz84 eyowEs ae ao 


nD i 
a : 7 oe 
’ . 1) } 
mM” : : : 
i i % ap i'3 


- #9947 sbi vor ton zeob vow < ‘aoenaitges ¢ $64 ston os | 
$f stnte be2bq0%q | 2hw +f ‘Sud shhxoqasag B VOT Pern; ae oe | 
‘sad luaan aie ‘To. meitenstaes d2oTgite Bie Spe | a 

iyava bas hispant brs (8.08) avedrow-oo bas Newege "7 

& gent adoraetuatleg Teotievosis Rit zy ‘nwoneveved (as) ee : 
wt basseqxene ad tos btuow: sini bawvaint sitT-abtxoqerag. 

290: ~395% AP (BS) sewed HOTT nMSyYXO- hosTatenszotody | ie : 
30: ‘nor iehixdotong to ‘92897 aA3" nt , deny’ (oa oy an Sete! oy 
23080 7adde! GatwaNbHdtWwKod99!s parte) te 

bomot 916 ee 
aid 10% bbb tr nae 2A sabtxo 9194 9F 
A10W add no thblee 4 | | | 


12. 
Dewar's calculations deal only with simple olefins, ethyl- 
ene and propylene, which are difficult to photooxygenate. 
In fact, the structure of the olefin may influence the 
calculations and the experiments considerably. 

Dewar's (24) attempt to discount the conclusion of 
Kopecky and van de Sande (3) that only a perepoxide was 
involved in the reaction between the bromohydroperoxide 
of tetramethylethylene and base appears ill-founded since 
the mechanism proposed by Dewar involves a direct elimina- 
tion already ruled out by Kopecky and van de Sande as 
discussed earlier. 

Several other reports of perepoxide intermediates 
have been made in the literature (27-29) but these are 
based mainly on speculation. 

Baldwin (30,31) and Kondo (32) have reported com- 
pounds that have structures which are analogous to that 
of the perepoxide and so provide precedent for considera- 
tion of the perepoxide as an intermediate. Episulphoxides 
(30,32) and aziridine-N-oxides, when suitably substituted, 
react on heating to give products which are analogous 


to allylic hydroperoxides. For example 23 gives ee and 
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25 gives 26. 

Triphenyl phosphite ozonide (33) is known to decompose 
to triphenyl phosphite andsinglet oxygen at -20°C (34,35). 
However, at -70°C olefins react with triphenyl phosphite 
ozonide to form allylic hydroperoxides without the inter- 
vention of singlet oxygen as a reagent (35). 

Using the same arguments for concluding that photo- 
oxidation did not involve a perepoxide, Kopecky and van 
de Sande (3) showed that reaction of 17 with triphenyl 
phosphite ozonide at -70°C did not involve a perepoxide 
Since this reaction gave different results than the re- 
action of 1 and eswithgbases PSimatardye Scotty (2) found 
that when 18 was treated with triphenyl phosphite ozonide 
at -/70°C the produced ratio 8/9 was different than that 
obtained when 6 was treated with base (from tripheny] 
phosphite ozonide 8/9 = 0, from halohydroperoxide elimina- 
tion 8/9 = 15), and he concluded that no perepoxide was 
involved in the triphenyl phosphite ozonide reaction. 

It appears that neither a perepoxide nor a singlet 
oxygen reaction can explain the reaction between tri- 


phenyl phosphite ozonide andolefins below -40°C. 
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Preparation of Isopropylidenecyclopentane, 16: 


The olefin was synthesized in 29% yield following 


the method of Scott (2) as outlined in eq. [91% 


[9] 
MgBr 
0 Yo 
1) At OH Na/NH. 
2) NHAC] EtOH 


27 16 


The structures of 27 and 16 were confirmed by com- 


parison with published data (2,37). 


Preparation of the 8-Halohydroperoxides of 16. 


The B-halohydroperoxides of isopropylidenecyclopent- 
ane, 16, were all prepared in basically the same way 


using the method of van de Sande (1), eq. [10]. 


[10] 

ya 

x 

DNGRNee x OOH 
OOH x 
oth 
Va Be + 
HA0,» -40°C 


14% =C1 28, X = 
1 19, x 
12x, =. 1 30, X = 


ad 
— 
v 
>< 
i} 
low] 
we) 


14 


Gl 
Br 


“m9 a bonrttoo: over Ge tine ie) Yo + ganisou 8 at | ie’ 


Bi ia ah sahihiehd Aste inva trEg: 


ty: 4 i: A ts frenae. ' i Be 
af YW sab he togaaietatl add Fo nortan ” at 
rs - 7 


ie 
-sangotoxsonan'fueaoet ¥o SF xorAgoN UTA AT. 2 
_, tow omea = ‘ef Fee heagy ‘ob bareger: sh taciel Faber | 
ROT] 99 bey iil i: ott | ; 


Dye 


Although eq. [10] shows that two possible products could 
be formed in each case, only when X = Cl were both pro- 
ducts actually obtained. 

The bromohydroperoxide, ide: was purified by low tem- 
perature crystallization from isopentane to yield a white 
solid, mp. -5°C to -10°C,with a purity of 99.2% as deter- 
mined by iodometric titration. 

The chlorohydroperoxide mixture Leica 28 could not 
be purified by either low temperature crystallization or 
repeated low temperature column chromatography. Samples 
from chromatography were at best only 93% pure by iodo- 
metric titration. This problem with chlorohydroperox- 
ides of olefins appears general, many products being 
formed in this as well as other (39) cases and the com- 
plex mixtures of similar compounds (dichlorides, etc.) 
are difficult to separate. In the chlorohydroperoxide 
mixture Re predominates but more accurate estimation of 
the 14/28 ratio proved impossible since the mixture was 


not pure. 


DANGER 


15 exploded violentky when sisokated pure and solvent- 
free! DO NOT nxemove the sokvent from pure material! 14 
and 11 appear to be mone stable than 15 but shoukd be 
considered potential explosives. 
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The iodohydroperoxide 15 was purified by low tem- 
perature chromatography to yield a material that was 
98% pure by iodometric titration. Removal of all sol- 
vent at -20°C under vacuum resulted in an oil which 
exploded when warmed up. Only a few milligrams in a 
disposable pipette detonated with a very loud report 
and total disintegration of the pipette. 

Structural assignments of the 8£-halohydroperoxides 
were made on the basis of their n.m.r. spectra. The 
positions of the gem-dimethyl signal in the spectra of 
14,7283)" -and 15 “ai lowed thetmystructure to be deter- 
mined by analogy with compounds prepared by van de Sande 


(1) and Filby (5,37) shown below. 


QOH OOH OOH 
Cl R | I 
8.60 8.38 Goo 8.19 8:55 8.00 
31 32 33 


The values shown are Whe ENemMicaw Smid ts! in Tt -of -the 
Signals of the gem-dimethyl groups directly above. 

The bromohydroperoxide of 16 showed a gem-dimethy!] 
ApGUYrP2ION at tac. 12 in the n.mer. spectrum and so by 
analogy with 32 was assigned structure Il. Similarly, 
the iodohydroperoxide was assigned structure 15 due to its 

em-dimethyl signal att7.94. The chlorohydroperoxide 


showed gem-dimethyl absorptions at t 8.33 and t 8.54 and 
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and was thus assumed to be a mixture of 14 and 28. 

The validity of this method of structure assignment 
based on the positions of the gem-dimethyl absorptions 
in the ".m.re spectra was proven, by scott (2) dsing 6. 
He assigned the structure of 6 using the n.m.r. method 
just outlined and then confirmed the structural assign- 


ment independently as shown below,eq. [11]. 


[11] 
OOH OH OH 


op) 


a ee 

Scott obtained 35 as a product as shown in eq. CUE 
and 35 could only have been formed if the starting 
material was 6 not MOS = his chemical sequence confirms 
the structure of the bromohydroperoxide as 6, in agree- 
ment with the structure assigned on the basis of the 


n.m.r_-7spectrum. 


Preparation of the p-Nitrobenzoate Esters of 11, 14, 28 
and 15: 

Although the bromohydroperoxide, ll, proved easy 
enough to purify and handle, the chlorohydroperoxide 
mixture 14 + 28 could not be purified and the iodohydro- 


peroxide, 15, was too dangerous to use in its pure state. 
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It was known that 1,4-diazabicyclo[2.2.2]Joctane (DABCO) 
forms a complex with hydroperoxides (40) and this method 
had been used in the purification of halohydroperoxides 
of ethylidinecyclohexane (41). However,no complex of 

14 + 28 or 15 with DABCO could be isolated. However,it 
now appears that a DABCO complex of 14 + 28 has been 
isolated by Kopecky (39), but it has not been character- 
ized. 

Scott had prepared a p-nitrobenzoate of 5 and found 
thatithesresulits from hreactionmcofiehbase twith the ipienester 
were the same as the results obtained with the underiva- 
tized chlorohydroperoxide, so the p-nitrobenzoate 
Q@srers) Of lla race and 15 were prepared by the route 
normally used for alcohols (42) and the peresters were 
all purified by low temperature chromatography and by 
recrystallization. The peresters corresponding to Il, 


Taos 26 aid: Lomahe 38, 36 + 37 and 39, respectively. 


Cl 0-O-C—CeH NO 
Oren eset A Che OF Laman? 
ES ti 6 4 NO, l 
O 
36 37 
Br a I 
sete tod @ P 
0-0 i CpH/ENO> O-0-C — C,H, =NO2 


- nal : : ’ : ‘ 
4 AT : i ie : ql : 1) : 7 i 
Ot : . : 5 : aw ; a) i" 
} ir , y ty Lao , 7 
ae 


Ve Rel Gk 
iedddeenac ten oot oe 
bosom ets ‘brs (08) rae 
seh xovocanyho| ot 70 Baie. 


i i Per © oe aan 
tt revewo!, wbatstozt sd co: Bh. 8 ele 


*\ 


bave? bas : 0 ssnoznodorttug * “ei bat ‘aa re a Pe 

yet aeveqi sds ddiweesd V9 nopiaaer mont et furs! odd tons ; i 

-avi vebau ant adi hori sdp eafuren sat 2g buse oft oe 

aA bebnneerd iti andy o2 cabixoveqorytorota bests 

- stuwev ad9 vd berge7 ousweg | bas 8S 4 Bf efter aved2e | A) 

$12 Syotaone ent bne, (34) stoduate, +o? boew xf tawnon 4 4 
ud bas wigespar smo svusevoqnss wot yd baft hug: ie 

«Tl 9 pnkhnogaasy09 iyerates aaT notsostitoxeynaay | | 

_Mfovttoeqeas 88 ‘anal ee  ¢ 8 ona! 2h. bt s rahe 

Te ey eee a Hin sesh ik -_ joan 


oteits 3° 
“9 


: 
> oe 


een oti 


F eat ant “3 dee Aas | 
wae ee jane 


19: 


The structures of the peresters were all confirmed by the 
Similarity of their n.m.r. spectra with those of their 
parent compounds and by microanalysis. 

The peresters could not be analyzed in the normal 
fashion by iodometric titration since they reacted only 
very slowly with potassium iodide solution. This fact 
is in line with the work of Mair (43) who also found per- 
esters to be only slightly reactive towards iodide. 

The n.m.r. spectrum of the chloroperester mixture 
36 + 37 was clear enough that the 36/37 ratio could be 
estimated as 3/1 using the integrations of the gem-dimethy] 


Signals. 


Reactions of the B-Halohydroperoxides and §8-Haloperoxy-p- 


nitrobenzoates with Base: 


Initially the 12/13 ratios were obtained by treating 
the substrate 11, 38, 36 + 37 or 39 with one equivalent of 
base in methanol and then extracting the allylic hydro- 
peroxides following the procedure of Scott (2). However, 
since this method did not permit isolation of quantitative 
yields of 12 and 13, the n.m.r. spectral method described 
in the experimental section was used. The reaction is 


out loaned, 4d np eq .oel 1 24). 
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12 and 13 must be the only products formed in eq. 
C12 since as can be seen in Table I, the yield of 12+ 
13 as measured by n.m.r. using an internal standard can 
account for all the halohydroperoxide used as starting 
material. This conclusion is also in agreement with 
Scott (2), Filby (38) and van de Sande (1) all of whom 
have shown that treatment of 8-halohydroperoxides with 
base gives quantative yields of allylic hydroperoxides. 

The 12/13 ratios were determined by amplification 
of the olefinic region of the n.m.r. spectrum and com- 
parison of the integrals for the olefinic signals of bz 
and 13. Ur showed a triplet at t 4.40 and 13 a complex 
multiplet at t 5.10. These assignments were made by 
analogy with 8 and 2 which had olefinic absorptions at 
74.35 and 15.05, respectively (2). Also .cyclopeutene 
has its olefansciabsorption, at 124440: (44), ' The #résd@it 


are presented in Table JI. 
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The experiments shown were generally carried out at 
Only one concentration of base and substrate since Scott 
(2) had shown that in the case of 6 the ratio of allylic 
hydroperoxides formed did not vary with the concentration 
of base and 6. 

Scott (2) had also shown that treatment of either 
a 8-halohydroperoxide or its p-nitrobenzoate ester with 
base gave identical ratios of allylic hydroperoxides in 
the product. This was confirmed here since a preliminary 
reaction of 15 with base gave a ratio of 2 to 13 Of #24 
which is the same as the value for the perester 39 in 
Table I. Thus, it was concluded that the 12/13 ratios 
for 11 and 38 were the same (average e/a 226 [.) i: 

An attempt to directly observe the perepoxide of 
isopropylidenecyclopentane was made by carrying out the 
reaction between i and base at -60° in the n.m.r. spectro- 
meter. It was hoped that if the reaction was slow enough 
at this temperature the gem-dimethyl signal of the per- 
epoxide might be observable. However,it appeared that the 
reaction was complete (only the spectrum of products Ws 
and 13 was observed) in less than 30 s. The reaction is 
too fast to observe the perepoxide by this method. van 
de Sande (1) also could not observe the perepoxide of 
tetramethylethylene by a similar method. 

Table I also gives the results obtained for the pro- 


duction of allylic hydroperoxides from photosensitized 
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oxidation of 16 and from the reaction of 16 with tripheny] 
phosphite ozonide (36). As can be seen the results in 
these stwo cases sare Similar but was pointed out..in the dis- 


cussion this does not imply a similarity in mechanism. 
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The objectives of the research described in this 
chapter were to provide more evidence for the intermedi- 
acy of a perepoxide in the reaction of 8-halohydroper- 
oxides of tetrasubstituted olefins with base and to try 
to show that a direct elimination pathway to the product 
allylic hydroperoxides makes only a slight contribution, 
if any, to the overall reaction. The following discus- 
sion will show to what extent these objectives were 
accomplished. The reaction under consideration is shown 
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A summary of the results is found in Table II. In 
all reactions of either B-halohydroperoxides or their 
p-nitrobenzoate esters the allylic hydroperoxide with 
the rearranged hydroperoxy group, 12, was the pre- 
donimant product.) Scotte(2) had’ found in the case of 
the reaction at base with the 8-halohydroperoxides of 
18 that the allylic hydroperoxide product ratio 8/9 
did not depend on the leaving group. In the case of 16 
here, the ratio 12/13 is the same for the iodo and 


bromo compounds but the results for the chlorohydroper- 
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Composition of the Allylic Hydroperoxide Mixtures 


Reaction Composition of Product Mixture 7 
“2 “13 
OOR 
[ HK + base 
Br 72.5 26.5 
Thee R= tH 


38, R = COC.H4-p-NO, 


; C1, O0COC,H,-p-NO, 


“6 4 
79.5 20.5 
+ base 
36 + 3/7 
I 
OOCOC FHe-p-NO,, 70.0 30.0 
+ base 
39 
] 
57.5 42.5 
16 


+ (C,H,0) .PO 
pest CHO) 3P03 gts 38.5 


; Values shown are averages of results shown in Table I 
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oxide ester seem out of line. 

It is important to remember that the ester of the 
chlorohydroperoxide is actually a mixture of two isomers 
and that this mixture was shown to be pure by analysis. 
If it is assumed that the perepoxide mechanism is the 
correct one, then 36 and 37 should give the same per- 
epoxide as 38 and 39 and, therefore, the same allylic 
hydroperoxide ratio. This is not observed. Assuming 
that 36 at least will react with base via a perepoxide 
(its structure is analogous to that of 38 and 39) and 
knowing that the composition of the chlorohydroperoxide 
ester mixture is 3:1, then the 36 in the mixture should 
give 72% 12 and 18% 13 on nenerien with base. If this 
is so, then in order to obtain the observed 12/13 ratio 
forethe 3654 3/ mixture, aqliw the s/ is forced ~o react 
via a direct elimination pathway. This seems unlikely 
and something, as yet unknown, must be occurring here. 

In the case of the bromo- and iodohydroperoxides 
and their esters, however. the factethatythe 12/13 ratio 
does not vary with halogen, provides good evidence that 
these compounds must react only via a halogen-free inter- 
mediate, the perepoxide, because only a perepoxide inter- 
mediate can account for the migration of the hydroperoxy 
group. This’ contirms® the results of Scott (2') “who? found 


no effect of leaving group in the isopropylidenecyclohexane 
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series. As explained in the introduction van de Sande 
had also shown that direct elimination was not occurring 
in his system, eq. [2]. The mechanism for the reaction 
of base with the bromo- and iodohydroperoxides and esters 
is presented in Scheme I. The chloro compounds cannot be 
included here due to the problems already discussed, how- 
ever, Scott's (2) results imply that they follow the 


same mechanism. 
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with the reactions of the 8-halohydroperoxides and 

esters with base. The results obtained are quite differ- 
ent and it appears that neither the reaction of Singlet 
oxygen nor the reaction of triphenyl phosphite ozonide with 
16 involve a perepoxide intermediate. This confirms the 
results’ of Scott (2) "and Kopecky and van de Sande (3) 

and in the case of the singlet oxygen reaction this con- 
clusion is also in agreement with most of the literature 
Since as discussed in the introduction most authors favour 
the concerted mechanism of Nickon (17,18) for the addition 
of singlet oxygen to olefins. 

As can be seen in Table II the results obtained 
from the reaction of 16 with singlet oxygen and triphenyl] 
phosphite ozonide are similar. This is coincidence since 
Bartlett and Mendenhall (36) have shown that at -70°C, 
singlet oxygen is not involved in the ozonide reaction 
although reactions of triphenyl phosphite ozonide mimic 
two common reactions of singlet oxygen; formation of allylic 
hydroperoxides (34,35) and formation of dioxetanes (45). 
Some other mechanism is required to explain the results 
of the triphenyl phosphite ozonide reaction. Bartlett 
and Schaap (45) proposed the mechanism shown in Scheme 2 
for the formation of dioxetanes from reaction of olefins 


with triphenyl phosphite ozonide. 
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SCHEME 2 
"0 
als : OOP (OC .He) 3 
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C 
OCH, ote 04H, 
9 
Q—-—-() : No 
Seema pe + OP(OC.H_) 
BS 
OCoHe OCH, OCH, OCH, 


This mechanism can be adapted to olefins having 
allylic hydrogens as illustrated for isopropylidenecyclo- 


hexane in Scheme 3. 


SCHEME 3 
0° 
OOP (OCH, ) 
(CcHp0)PO, + aera is) AA 6'5/3 
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As shown in Scheme 3, this mechanism predicts that 
only 9 would be formed in the reaction of 18 with tri- 
phenyl phosphite ozonide. This conclusion is reached by 
analogy with the formation of the halohydroperoxides 
where Onlyio.  Oxand.] are formedy(2)e. ain fact, Scott 
found that only 9 was formed in the reaction as predicted. 

On the same basis treatment of 16 with triphenyl 
phosphite ozonide should give only 12 as product. However, 
as can be seen in Table I this is not the case, 12 and 
13 being formed in a ratio of 1.60. 

Thus the mechanism shown in Scheme 3 cannot be the 
whole story, at least in the case of 16. It is also 
difficult to imagine why, if a perepoxide is formed from 
a B-halohydroperoxide as shown in Scheme 1, one is not 
formed from the zwitterion shown in Scheme 3. The 
available data appear to indicate that while the mechanism 
in Scheme 3 may contribute to the overall reaction it 
cannot be the whole story. More work is necessary to 
elucidate the mechanism of the reaction between tripheny] 
phosphite ozonide and olefins below -40°C. 

A logical extension of this work would be to prepare 
the hydroperoxides i 28 and 30 and observe if they give 
the same product ratios as ll, La, and 16. This would pro- 
vide conclusive evidence for a perepoxide intermediate in 


the reaction of B-halohydroperoxides with base. 
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Melting points and boiling points are reported un- 
corrected. Refractive indexes were measured using a 
Bausch and Lomb Abbe-3L Refractometer. Infrared spectra 
were recorded on a Perkin-Elmer Model 457 spectrophoto- 
meter, Vy n.m.r. spectra were recorded on Varian A-60, 
A-56/60, HA-100 or Perkin-Elmer R-32 spectrometers. Mass 
spectral measurements were made on AEI MS-2, MS-9 or MS- 
12 spectrometers. 

Hydrocarbon solvents, Skelly B (hexanes), pentane 
and isopentane were purified by washing successively with 
sulphuric acid, water, acidified potassium permanganate 
solution, water and drying over magnesium sulphate fol- 
lowed by distillation. Anhydrous pyridine was prepared 
by refluxing reagent-grade material over calcium hydride 
for several hours followed by distillation from calcium 
hydride onto activated Type 4A molecular sieves. 

The photooxygenation apparatus has been described 
by van de Sande (1) and was used without modification. 
Iodometric titrations were carried out using the method 
of Organic Synthesis (45). Drying of solutions was done 
with magnesium sulphate unless otherwise stated. Con- 
centration of solutions was carried out on a Buchi rotary 
evaporator using a dry-ice condenser and a bath at room 


temperature unless otherwise noted. 
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1-(Methylvinyl)cyclopentanol, Ae 


The Grignard reagent was prepared from purified 2- 
bromopropene following the method of House (47). 

To magnesium turnings (14.6 g, 0.6 moles) and tetra- 
hydrofuran (400 ml) in a 1 liter, three-necked flask 
equipped with a reflux condenser, a mechanical stirrer 
and a pressure-equalized dropping funnel was added a few 
ml of 2-bromopropene and a crystal of iodine. The re- 
action was started by crushing a few pieces of magnesium 
and 2-bromopropene (72.6 g, 0.6 moles) in tetrahydrofuran 
(150 m1) was added dropwise so as to maintain the solvent 
at reflux. After the addition was complete the reaction 
mixture was refluxed 0.5 h. 

To this solution of the Grignard reagent a solution 
of cyclopentanone (50.4 g, 0.6 moles) in tetrahydrofuran 
(50 ml) was added dropwise. When the addition was complete 
the reaction mixture was refluxed 0.5 h. 

Saturated aqueous ammonium chloride solution was 
added dropwise with vigorous stirring until the precipitated 
Salts became granular. The clear supernatant was then de- 
canted and the salts extracted exhaustively with ether. 

The combined organic layers were washed with water (3 x 200 
ml), dried and concentrated to an oil. Residual solvent 
was removed by distillation at atmospheric pressure and 


the residue was distilled to yield 34.0 g (45%) of a clear 
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colour less product £cbicp sm (68) t=9<7 02°C 861 5) torr) , neeer 
1.4752; reported b.p. 72 - 75°C (18 torr), n@o°> 1.4745 


D 
(25% 


The i.r. spectrum (neat) showed absorptions at 3380 
(OH stretch) and 1645 cm” (C=C stretch). 

The n.m.r. spectrum (CDC1,) Showed absorptions at 
Tt 4.97 F(m) tard wesieZ0-utm), stor: jthemomef imticrpriotons g*t 7270 
(s) for the OH proton and t 8.25 (broad) for the remaining 


protons hin va Mratiafor them ssc ill) asmmequ ined: 


Isopropylidenecyclopentane, 16: 


This procedure was adapted from that of Birch (48). 

A solution of sodium (10.95 g, 0.476 moles) in 
liguid ammonia (350 ml) was prepared in a 1 liter, three- 
necked flask equipped with a dry-ice condenser, a pressure 
equalized dropping funnel and a magnetic stirrer. A 
solution of 27 (3040, 40. 238amo les) ing98s ethanol o( 12 .q)} 
and ether (70 ml) was added dropwise with vigorous stir- 
ring. When the addition was complete, 98% ethanol (12 g) 
was added and the solution was refluxed 2 h. Just enough 
water was added to discharge the remaining blue colour, 
the condenser was removed and the ammonia was allowed to 
evaporate overnight. 

The residue was dissolved in water (150 m1) and 
the solution was extracted with ether (4 x 100 ml). The 


combined ether extracts were washed with water until 
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neutral, dried and concentrated to an oil by distilla- 


tion at atmospheric pressure. The residue was absorbed 
into glass wool and distilled to yield a clear colourless 


taquideubeps 38¢Ceild2utocr sey ieldtd 629194 165.520 , 


23 20 
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1.4585. 
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The i.r. spectrum (neat) showed absorptions at 
2950 (C-H stretch) and 1647 cm~! (c=C stretch). 

The n.m.r. spectrum (CDCI) showed absorptions at 
t 7.83 (broad) and t 8.39 (broad) in a ratio of 1: 2.6; 


nmequined >] <r2m5 : 


1-(1-Bromo-1-methylethyl)cyclopentyl hydroperoxide, 11: 


To a 250 ml, three-necked flask equipped with a 
drying tube, a cold bath at -40°, a magnetic stirrer and 
a low temperature thermometer was added ether (30 ml) and 
98% hydrogen peroxide (8.5 g). When the internal tempera- 
ture had returned to -40°C, 16 (55 1)eg..-0. 04 moles) was 
added. 1,3-Dibromo-5,5-dimethyl hydantoin (7.25 g, 0.025 
moles) was added at -40°C in four portions, allowing the 
reaction mixture to warm to -30°C between additions and 
to remain at -30°C until most of the hydantoin had dis- 
solved. Then the reaction mixture was cooled to -40°C 
and another portion of hydantoin was added. When most of 


the final portion of hydantoin had dissolved the reaction 
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temperature was allowed to rise slowly to -15°C and then 
The reaction mixture was poured into ice-water (30 ml). 
The organic layer was washed with ice-water (30 ml), ice- 
cold aqueous 10% sodium thiosulphate solution (30 ml), 
ice-water (2 x 30 ml) and dried at O0°C. The solution 
was concentrated to an oil on the rotary evaporator using 
a bath at 0°C. This crude oil must not be allowed to warm 
above 0°C since the partial decomposition resulting pre- 
vents furntherspuri fication. 

The crude material was purified by recrystalliza- 
tion (3x) from isopentane at -78°C. The product was a 
white solid, m.p. -10°C to -5°C, 99.2% pure by iodometric 
titration, yield 4.4 g (38%). 

The i.r. spectrum (neat) shows absorption at 3340 
cm! (O-H stretch). 

The n.m.r. spectrum (CDC1,) showed absorptions at 
Toco Ue broad ..U0H)s.0.O. lc wus ,simethy. groups) and it..8.0 


(broad, ring protons). 


1-Hydroperoxy-1-(1-bromo-1-methylethyl)cyclopentyl p-nitro- 


benzoate, 38: 
11 (0.58 g, 0.0026 moles) was dissolved in anhyd- 
rous pyridine (3.5 ml) and p-nitrobenzoyl chloride (0.5 g, 


0.0026 moles) was added. The reaction mixture was stirred 


15 m and then diluted with water (25 ml). This solution 
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was extracted with ether (2 x 20 ml) and the combined or- 
ganic solutions were washed with 5% aqueous sodium car- 
bonate solution (2 x 20 ml), 5% aqueous copper (II) sul- 
phate solution until all the pyridine was removed, water 
(2 x 20 ml) and dried. Removal of the solvent gave 38 

as a white powder. This was recrystallized from ether- 
pentane (3x) at -20°C to yield a faintly yellow crystal- 
line solid, 0.78 g (80%), m.p. 94 - 96 (decomp). 

The n.m.r. spectrum (CDCI) Showed absorptions at 
tT 1.75 (q, aromatic hydrogens), t 8.04 (s, methyl hydro- 
gens) and t 7.6 - 8.4 (broad, ring hydrogens). The rela- 
tive areas of the aromatic signals to the combined ali- 
Dhatic signals was 1: 3.5 as required. 

Analysis : Calculated for C1 5H, NO, Br so 4445240: 
meac 7 aN eS os BY eric 47 see hOund eo 40014 = oH ware Te 
Ne S27 0eer . 72 349. 


Preparation of the Chlorohydroperoxides of 16; Aaa 28: 


This preparation was done using the procedure used 
for the synthesis of Pics Gnerreagents were ether (25 1)), 
98% hydrogen peroxide (7.72 g) and 16 (5.0.-9,.80. 045 motes). 
1,3-Dichloro-5,5-dimethylhydantoin (4.47 g) was added in 


four portions as shown by the following graph: 
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O-Hydantoin added here 


Temperature (°C) 


ih. Fea ieee: 


Time (hours) 


When all the hydantoin had dissolved, the reaction mixture 
was worked up as before. The product was a colourless oil, 
yield 6.4 g (79%). Attempts to purify the crude hydroper- 
oxide by crystallization and low temperature chromatography 
gave products that were only 83% pure by iodometric titra- 
tion. 

The n.m.r. spectrum of the crude material showed 
aUSUIPUVORsmay 1 3.10 (Ss, s00H)}.° t Or 33° (5S. cgem-dimetny | 
group of 14), t 8.54 (s, gem-dimethyl group of 28) and t 
8.2 (broad, ring hydrogens). 


Preparation of the p-Nitrobenzoate Esters of 14 and 28, 


36 and 37: 
The crude chlorohydroperoxide mixture prepared 


above (5 g, 0.028 moles) was dissolved in anhydrous pyri- 


dine (3.5 ml) and p-nitrobenzoyl chloride (5 g, 0.026 moles) 
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was added. After a few minutes a precipitate formed and 
the reaction mixture was allowed to stand for 15 m. It 
was then diluted with water (30 ml) and the oily solid 
formed was washed with 5% aqueous sodium carbonate solution 
(2 x 20 ml). The remaining solid residue was dissolved in 
ether (40 ml) and this solution was washed with 5% aqueous 
copper (II) sulphate solution (20 ml), water (10 ml) and 
dried. Removal of the solvent gave a yellow solid which 
was recrystallized (3x) from Skelly B to give light yellow 
Srystalssbpyieddones5ig.¢emepse71e- 75RC. 

The perester was purified by column chromatography 
at -40°C on Silica gel (20 g) using Skelly B: ether :: 4:1 
as the eluant. Recovery from the column was 50% of a 
mixture of 36 + 37, m.DetyVeae J5° Cs 

The n.m.r. spectrum (CDC1,) showed absorptions at 
t 1.71 (q, aromatic), t 8.21 (s, gem-dimethyl of 36), as 
8.36 (s, gem-dimethyl of 37) and t 8.0 (broad, ring hydro- 
gens of both isomers). The relative areas of the aromatic 
signals to all aliphatic signals was 1: 3.4, required 
Wes so: 

Analysis: Calculated for Ci 5H] gC INO;: Co Doe a 
Hon 5. 54° No P42 ee and “Chey FO. Se = round Gy es4796 5 
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1-(1-Iodo-1-methylethyl)cyclopentyl hydroperoxide, V3; 
ee ee 


DANGER - PURE MATERIAL EXPLODES VIOLENTLY 


The procedure used in the preparation of Ud) was 
followed using ether (25 m1), 98% hydrogen peroxide (4.25 
g) and 16 2.76) geadi025 moles). 1,3-Diiodo-5,5-dimethyl- 
hydantoin (4.79 g, 0.0125 moles) was added over 40 m 
while maintaining the reaction mixture between -30°C and 
p06 Cher Thea producttwaseaurcolourless: Souq leswe Ger) 2s 
86% pure by iodometric titration. The material could be 
purified by low temperature column chromatograph (-40°C) 
On Silica gel using Skelly B: ether :: 4:1 as the eluant, 
to give a colorless oil, 98% pure by iodometric titra- 
tion. Removal of the solvent at -20° using a vacuum pump 
gave a colourless oi1 which exploded on warming. 

The n.m.r. spectrum (CDC1,) at -30°C showed absorp- 
tions at t 0.46 (s, OOH), t 7.94 (s, methyl groups) and tT 
8.25 (broad, ring protons). The ratio of the areas of 
the hydroperoxy signal to the aliphatic Signals:'Was lr s"21'; 


Keauiried th :thS. 


1-Hydroperoxy-1-(1-iodo-1-methylethyl)cyclopenty] p-nitro- 
a ee ee ee ee Qe RS Pe eS 
benzoate, 39: 

Crude 15 (0.675 g, 0.0025 moles) was dissolved in 


anhydrous pyridine (3 ml) at 0°C and p-nitrobenzoyl chlor- 
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ide (0.464 g, 0.0025 moles) was added with stirring. The 
solution wasustinred Simjato0?Cgand 10em at; 22°Cx.; Water 
was added and the precipitate was washed successively 

with water (2 x 10 ml), saturated aqueous sodium carbonate 
solutionn (2¢xsdO0sml )fand°* water (102ml )ia” The. solid.was 
collected by filtration, yield 0.7 g. 

The yellow solid was purified by low temperature 
chromatography (-40°C) on Silica gel (20 g) using Skelly 
B:ether::4: 1 as the eluant. The sample was applied to 
the column in toluene. Fractions from the column, con- 
taining the product were concentrated to one-half volume, 
Skelly B (30 ml) was added and the solution was cooled to 
-78°C. The yellowish crystals of 39 were collected and 
recrystallized from ether/Skelly B, to yield 0.3 g (27%) 
of yellowish crystals which decomposed without melting 
atoy 5tke SOP Ce 

The n.m.r. spectrum (CDCI) showed absorptions at 
todedOnd osfarpmatic)s qad~86a (se methyde groupsJeandacae 8. 0 
(broad, ring protons). The relative areas of the aromatic 
signals to the aliphatic signals were in a ratio of 1: 3.7, 
required | : 3.5. 


Analysis: Calculated for Ci 5H INO Gen Sg es 
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Reaction of Ue with Base: 


Resglutacu-of |i (0.08756 g,e2692 x ane moles) 


4 


and benzene (0.01097 g, 1.40 x 10 " moles) in perdeuter- 


ated methanol was made up to exactly 1:0 ml. A second 


solution of sodium (0.0397 g, 1.73 x 107° 


3 


moles) and 
deuterium oxgdes(0.06)2 9,.3.06 x<l0ea,moles,).in,per- 
deuterated methanol was made up to exactly 2.0 ml. Equal 
volumes of these solutions were mixed in an n.m.r. tube 
at 20°C and the spectrum was observed immediately. When 
the spectrum was analyzed using benzene as the internal 
reference, it was found that 11 had been converted to le2 
and 13 in 100% yield. 

The n.m.r. spectrum at 15°C showed absorptions at 
t 2.68 (s) for the benzene reference, Tt 4.44 (t) for the 
Slefinicapnotonvofel2sear 4.85.(si-forebODs4T 5*102{m) 
for the olefinic protons of 13, Be6.7 0am) ef0%-sOlvent 
methanol, t 7.66 (broad) and t 8.2 (broad) for the ring 
protons of 2 and 13 andutaS $6Seahs Jafonethe gem-dimethy] 
protons of 12. The areas of the required signals are 


Shown in Table I. 


Reaction OF li) with Base at. -60°C: 


Aacolds (- 60.0%) .0 420M sodutionsnoft 11 in methanol 
was mixed with an equal volume of a cold (-60°C) methanol 


solution, 1.13 M in sodium hydroxide and 0.40 M in-ani- 
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sole (as internal standard) in an n.m.r. tube at -60°C. 
The tube was placed in the cold (-60°C) probe of an n.m.r. 
spectrometer«and the.region t 1.0 to t 2.0 was rapidly 
(scan complete about 30 s after mixing) scanned. The 
spectrum showed only one Gem-dimetnyiesimnghet at 1 °8. 32 
due to Wer No trace of the cemod een Signal of a 


was observed. 


Reaction of 36 + 37 with Base: 


A solution of sodium (0.0413 g, 1.80 x as 


3 


moles), 


deuterium oxide (0.0457 g, 2.23 x 10° 
4 


moles) and benzene 
(0.01652 g, 2.11 x 10 ° moles) in perdueterated methanol 
was made up to exactly 2.0 ml with perdeuterated methanol. 
The solution for analyses was prepared in the fol- 
lowing manner, since the peresters were not soluble in 
methanol. 36 + 32 (0.0264 g, 8.05 x 0nD moles} was di- 
vided into four portions. One portion was added to per- 
deuterated methanol (0.30 ml) and the prepared base 
solution (0.025 ml) was added. When the perester had 
dissolved, a second portion was added followed by base 
(0,025 m1)... This uprocedureswasyrepeated juntil alluthe 
perester had been used. The last addition of base was 
0.225 ml. When analyzed by n.m.r. spectroscopy quan- 
titative conversion of 36 + 37 to 12 and 13 was observed. 


The n.m.r. spectrum at 15°C was essentially the 
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Same as that described for the reaction of VW with base. 


The areas of the required signals are shown in Table I. 


Reaction of 39 with Base: 


This was done exactly as for the reaction of 36 + 
37 above, using the same base solution and 39 (0.04.30 eq:, 


4 


1.03 x 10 ~ moles). Quantitative conversion of So tO) 2 


and 13 Was sODSemved=by n.m.r. Uspectnoscopy. 
The n.m.r. spectrum at 15°C was essentially the 
same as that described for the reaction of vu with base. 


Integration of the required signals is shown in Table I. 


Reaction of 38 with Base: 


This was carried out as described in the reaction 
36 + 37 with base but using 38 (0.0450 g, 1.21 x 1074 
moles) and a base solution composed of sodium (0.03540 g, 
e544 1073 moles), deuterium oxide (0.05895 g, 2.95 x 


1073 4 


moles) and benzene (0.01607 g, 2.13 x 10 ° moles) 

made up to exactly 2.0 ml with perdeuterated methanol. 
Then. M.7. spectrum at .i5°C was essential Ly the 

same as that described for the reaction of LI WALC NS parse: 


The areas of the required signals are shown in Table I. 


Photosensitized Oxygenation of 16: 


A solution of 16 (1.0 g, 0.009 moles), 2,6-di-t- 
butylphenol (0.1 9g), 1,4-dimethoxybenzene (0.1380 g) 
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and methylene blue (0.050 g) in methanol (30 ml) was 
photooxygenated for 65 m after which time 120% of the 
theoretical volume of oxygen had been consumed. The 
reaction mixture was poured into water (75 ml) and ex- 
tracted with ether (3 x 50 ml). The combined ether 
extracts were washed successively with water (50 ml), 
Saturated aqueous sodium chloride solution (50 ml) and 
Orted. =CONnCentration Gave a COlOUTHess*OIN., O22° yield 
Dyan ts 

The n.m.r. spectrum (CDC1,) was essentially the 
SaMe as —LNdU LOT Lie react ion Ot Diath pase. UT 
course the signals for benzene, methanol and HOD were 
Messing, and Sagnals; at t Ulloeand < O26, Ton dime tno — 
benzene were present. The areas for the required signals 


ate O1Ven In-lable 1% 


Reaction of 16 with Triphenyl Phosphite Ozonide: 


This procedure was based on that of Bartlett and 
Mendenhall (36) and Scott (2). 

An ozone-free solution of triphenyl phosphite ozon- 
ide in dichloromethane (25 ml) at -78°C was prepared 
from tripheny? phosphite. (124 9, 0.0045 moles). To this 
solution at -78° was added cold (-10°C) 16 (O25 <g4-°05,0045 
moles) and the reaction mixture was allowed to stand 


12 h at -78°C. This Yeaction mixture was then warmed to 
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room temperature and the solvent was removed by vacuum 
distillation at -35°C, cooling the receiver to -78°C. 
The residue from the distillation was a colourless oil 
(3.15 g). The distillate was found to contain 180 mg 
of 16 that had not reacted. The crude residue was 
analyzed by n.m.r. spectroscopy (CDC1,) using p-dimeth- 
oxybenzene as an internal standard. Taking recovered 
starting material into account, the yield of allylic 
hydroperoxides by n.m.r. was 80%. 

The n.m.r. spectrum (CDC1,) was essentially the 
Same as that reported for the reaction of 1] with base. 
Of course the signals for benzene, solvent and HOD were 
missing and signals at t 3.17 and t 6.28 for dimethoxy- 
benzene and at t 2.73 for triphenyl phosphite were pre- 
sent. The areas of the required signals are given in 


Table I. 
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CHAPTER @i1 
SuUGTes On i rweyol tc 0.10 xetanes 
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Since the first dioxetane, trimethyl-1,2-dioxetane, 
was synthesized and characterized by Kopecky and Mumford 
(49), many new dioxetanes have been prepared and studied. 
Dioxetanes of widely varying structure have been reported, 
for instance, tetramethyl-1,2-dioxetane (5), 40, 3,4-di- 
ethoxy-1,2-dioxetane (50), 41, the highly strained di- 
oxetane, 21, from adamantylidene adamantane (51) and the 
tricyclic dioxetane of Filby (38), 11,12-dioxa[4.4.2] 
propellane, 42. Recently Wynberg (52) has reported an 
optically active derivative of dioxetane, 21, and Bogan 


~~ 


(53) has given indirect evidence for the existence of 


dioxetane, 43, itself. 


Ora) Ora 
Orr 
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40 41 42 43 


As well as the dioxetanes themselves, several 1,2- 
dioxetanones of the general structure shown below have 


been prepared and characterized in solution (54-56). 
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Wilson has recently published a review (57) on di- 
oxetanes which contains a list of all dioxetanes that had 
been prepared and either fully or partially characterized 
Upto 1975. 

Dioxetanes have been synthesized by two major routes. 
The first is the B-halohydroperoxide route of Kopecky and 
Mumford (5,49) in which an olefin is first converted to a 
8-halohydroperoxide (as described in Chapter I) and the 
halohydroperoxide is treated either with base for non-tetra- 
substituted halohydroperoxides (5,49,58,59) or with silver 
acetate for tetrasubstituted halohydroperoxides (5,38). 


The reaction is outlined in eq. [14]. This procedure gives 


X 0 —— 0 
w Pas So = ye! Vea 
[14] & CT G CO 


yields of 5-30%. 

The second route to dioxetanes involves the 1,2- 
addition of singlet oxygen to certain electron-rich olefins 
Aaseouthinea in cos lod. “this reaction OnLy takes piace, 


however,with olefins in which the "ene" reaction to form 
allylic hydroperoxides (see Chapter I) does not take place 
either due to the absence of allylic hydrogens (60,61) or 
to steric restraints (22,51). The singlet oxygen necessary 


in this reaction has been obtained from either dye-photo- 


sensitization (51) or from the decomposition of triphenyl- 
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phosphite ozonide (45). 
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Story (62) had reported a synthesis of dioxetanes 
by ozonation of olefins in pinacolone but this route was 
shown to be incorrect by Kopecky (41) and Bailey (63). 

Reactions of dioxetanes with various reagents have 
been studied (5,64-68) but the most important and most 
investigated reaction is that on warming dioxetanes are 
quantatively converted to carbonyl compounds with the 
emission of light. This observed luminescence implies 
that electronically excited molecules are being generated 
from a starting materialg@in its Ground state. 

The isolation of the first dioxetane (49) andthe 
discovery that it gave off light on heating confirmed 
McCapra's prediction (69) that dioxetanes would be chemi- 
luminescent. Dioxetanes and dioxetanones had also been 
proposed (69) as the reactive intermediates in some bio- 
luminescences and in at least two cases, the fire-fly 
Photinius (70) and the shrimp Cypridina (71), dioxeta- 
nones have been conclusively implicated in bioluminescence 
(72). Scheme 4 shows the proposed mechanism of biolum- 


inescence of Photinius and Scheme 5 that of Cypridina. 
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As well as explaining some bioluminescences it was hoped 
that study of dioxetane chemiluminescence would lead to 
a better understanding of energy transfer processes and 
excitation processes as well as chemiluminescence itself. 

In order to learn more about the mechanism of di- 
oxetane decomposition and the processes involved, the 
rates of reaction, activation parameters, and yields and 
identities of the excited states had to be found. 

The rates of decomposition of dioxetanes can be 
foliowed by,iodimetry.or by n.m.r. (5,38).oreby the.decay 
of chemiluminescence in the presence of a fluorescer 
(50) as used in this research. The first order rate con- 


stants range from about ig = Ge he 2teie ce Crys memae 


1,2-dioxetanones such as 44 (55) to 7 x 107° ca atpad2ec 


for the stable dioxetane 21 (7308 
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The activation parameters can be determined either 
from the temperature dependence of the rate constants in 
the traditional way, (Arrhenius plots) or by a clever 
method developed and used by Wilson (50,74). Both methods 
are used in the research that follows and they are fully 


described in.the. Results section. 
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Activation parameters and rate constants provide some 
information,but since thermolysis of dioxetanes produces 
excited states it is important to determine which excited 
species are being produced and what is the efficiency of 
their production. Before discussing excited state counting 
methods more information about dioxetane thermolysis is 
required. Kopecky and Mumford (49) showed that both singlet 
and triplet species were present in the thermolysis of tri- 
methyl-1,2-dioxetane. White (75,76) suggested for tri- 
methyl-1,2-dioxetane and Turro (77) showed for tetramethyl- 
1,2-dioxetane that both singlet and triplet ketones are 
generated directly from the dioxetane. This has been con- 
firmed by Wilson (50). O'Neal and Richardson (78,79) have 
calculated that in dioxetane thermolysis enough energy is 
released to excite only one of the product carbonyl groups 
to either its singlet or triplet state. These calculations 
were confirmed by Turro (80,81) who found that the transi- 
tion state for the disappearance of dioxetane, 40, was 
higher in energy than both the singlet and triplet states 
of acetone. 

The method used in this research for determining the 
yields of excited states is due to Wilson (50),who has used 
it successfully in several cases (50,74,82),as has Filby 
(38). Wilson observed that the chemiluminescence intensity 
using the fluorescer 9,10-dibromoanthracene, DBA, 45, was 


considerably greater than when 9,10-diphenylanthracene, DPA, 
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46, was used. This was somewhat unusual since DPA is a 
much more efficient fluorescer than DBA (83). However, 
due to the heavy atom effect, DBA is capable of converting 
triplet energy to singlet energy much more efficiently 
than DPA (84). Consideration of these two facts leads 

to the inevitable conclusion that much more triplet 
excited state product is formed on dioxetane thermolysis 
than singlet excited product. Wilson developed this 
observation into a method to count excited singlet product 
using DPA and excited triplet product with DBA. This 
method is discussed operationally in the Results section. 
Other authors (56,75,77,85-91) have used different 
methods to count excited products and these have been 
recently reviewed by Wilson (57). Note that where the 
chemiluminescence methods and other methods have been 
applied to the same compound the results are generally 


very comparable. 


46, Reale 
45, R = Br 


The general result of all these counting procedures 
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two orders of magnitude than singlet yields. Any mechanism 
proposed for the thermolysis of dioxetanes must explain 
this fact. 

The mechanism of the thermal decomposition of dioxe- 
tanes is a matter of considerable importance and also of 
considerable controversy. Two extreme possibilities for 


the mechanism have been discussed and are shown in eq. [16]. 


Path (a) is the biradical mechanism proposed by Richardson 
(59/8. 89)" and path (b)sis the concerted mechanism sug- 
gested first by McCapra (69) and supported by Kearns (92). 
Kearns (92) has shown that the concerted mechanism 
can explain the high yield of triplet product and Richardson 
(89) has shown that the biradical mechanism can also 
account for it. Both mechanisms have been discussed thor- 
oughly by Wilson (57) and this comparison will not be re- 
peated here. As yet the exact mechanism of dioxetane 
thermolysis is unknown but it may well turn out to be a 
mechanism such as that proposed by Turro (81) in which 


the 0-0 bond is considerably stretched before simultaneous 
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breaking of the 0-0 and C-C bonds occurs (this is the so- 
called "nearly-concerted" 4 faite TOR 

One important feature of the biradical mechanism is 
that it can predict quite accurately the activation para- 
meters Foy thermolysis of dioxetanes. Richardson has 
Shown that by using the group additivity method of Benson 
(93-95) the activation parameters of several dioxetanes 
could be calculated and that the calculated values agreed 
with the experimental data (78,79,89,96). 

In view of the number of dioxetanes that have been 
well characterized it would not be surprising to find some 
correlation between dioxetane structure and the production 
OtSexcivedss tates waNOesicnecoreeldationsappears to exist 
(82,97). The activation energies of most dioxetanes are 
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and the singlet and triplet yields lie 
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between 10 ~ to 10jasand 0,1] to 0.5,respectively. Amid 


this frustrating regularity there are but few exceptions. 
a has.an activation energy of about 35 kcal mole, but 
Ehisocan Deodttri bupedstomcteric effects operating 1nd 
biradical or biradical-like mechanism. Only two other 
exceptions stand out since Wilson (82) has shown that the 
work of Darling and Foote (86,87) on 3,4-di-n-buty1-3,4- 
dimethyl-1,2-dioxetane (they obtained higher singlet than 


triplet yields) was incorrect. These exceptions are 


tetramethoxy-1,2-dioxetane (74), 47, and 42. 
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Be has an activation energy of 28.6 kcal mole | and a sing- 
Vets yeeldtofm0s0l fand csstripletayieldsof 0.1. 42 has an 
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activation energy of 22.7 kcal’ mole and 6 < 10°° and 


Sy = Bu TO. 

Before we can begin to understand the factors affect- 
ing the yields of excited states we must first know where 
the energy of excitation comes from. It can be seen in 
Figure 1 that the energy available for excitation of the 
product is equal to the difference between the heats of 
formation of reactant and products plus the activation 
energy. Perrin (98) has Challenged this scheme on thermo- 
dynamic grounds but Lissi (99) and Wilson (100) have both 
shown on a theoretical basis that Perrin is not correct. 

We shall see that this work and the work of Filby (38) 


provide experimental evidence to counter Perrin's sugges- 


tions and further discussion is left until later. 
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& ) from Decomposition of 1,2-Dioxetanes 
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The research described in this Chapter was started 
as a direct result of the work of Filby (38) on a2. A\- 
though dioxetane structure generally appears to have little 
effect on the yields of excited states and activation 
Parameters, the tricyclic.structure of 42 was quite dif- 
ferent from other dioxetanes and deserved further study. 
The questions to be answered were, does the CVicyolqe 
nature of tc Cause the low triplet yield and if so, how? 
Also, do all tricyclic dioxetanes behave in the same 
fashion? Filby (38) had suggested that strain in the 
product diketone from 42 might cause a low triplet yield 
by reducing the energy available on thermolysis. This 
Suggestion of Filby's is discussed in detail in the 
Discussion in the light of the results obtained from 
this research. 

In order to answer these questions it was decided 
to prepare the series of tricyclic dioxetanes shown 
below, 9,10-dioxa[3.3.2]propellane, 48311, 12=dioxa[s 3.2] - 
propellane, 49; and 13,14-dioxa[6.4.2]propellane, DOs) dhe 
products of thermolysis of 48 , 49 and 50 would be the cyclic 
diones ol, 92 and 93. The following chapter deals with 


the synthesis and study of 48, ag and 90. 
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Preparation of 1(5)-Bicyclo[3.3.0]octene, 58: 
So ee ee re eee 


The route chosen to the title compound is shown in 


Scheme 6. 
SCHEME 6 
OH 
de BH/THF \\H505/Na0H 
> ——-—_ -—_— 
54 55 Om 56 
Jones 
0 Oxidation 
OH 
1) HC(OEt), Zn/HC1 
—- =_____ 
2) H? A 
OH 
2 5] i 


The olefin, 98, has been prepared by many authors 
in various ways (101-106) but no one has bettered the 227 
yield obtained here. The worst Stepo. tne Jones oxidation. 
resulcvedmin OMmby. 307 9 1e1ds Among the drawbacks of earlier 
preparations of 58, was that many required alkyl lithiums 
which are expensive and also pose handling problems for 
the occassional user. In Scheme 6 Only the first step 
must be carried out in an inert atmosphere and this may 
be avoided since 95 is commercially available as a dry 


powder which is not air-sensitive rere es 
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The preparation of the dione, ol, was adapted from 
Alvik (108). Initial oxidation of 96 with Jones reagent 
gave the hemiacetal, 09 ,Twhichewasmidentiftiedrbyecompari- 
son with an authentic sample (109,110). Reoxidation of 
the hemiacetal with Jones reagent gave the dione, 51, but 


wt 


at a much slower rate than the oxidation of 56 to 59. 


~~ 


OH 


he 


$7 was prepared as suggested by Borden (101) using 
the procedure of Wenkert (111). The best yields of ps were 
obtained when the reaction was carried out on the scale 
given in the Experimental section since in larger quantities 
the zinc amalgam cannot be efficiently agitated. 

The last step shown in Scheme 6 was actually carried 

out in two steps as shown in eq. [17] since the best yield 
of olefin was obtained when the intermediate orthoester 


was isolated. 
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This method was introduced by Eastwood (112-114). This 
reaction gave very poor yields until a batch of 57 that 
had been recrystallized from carbon tetrachloride was 
. used. The conversion of 27 to 60 requires a trace of acid 
catalyst and presumably some traces of HCl from the carbon 
tetracnionide adhere ‘to the crystals of 7 and catalyze the 
reaction. 60 was isolated and purified by distillation but 
it was not fully characterized. 

All compounds shown in Scheme 6 were known and had 


physical constants in agreement with published values. 


Preparation of I(7)-Bicyc ol 5.3.4.0 |decene, 66: 


The route chosen to this olefin is shown in Scheme 7. 


SCHEME 7 
OH 
B 
j 1) HCO.H 
(CH) ,NH 2) NaOH 
CHENH, QOH 
6] 62 63 
Pb (OAc) 
overall yield 20% 
0 
9) 
ANC1,/LiAIH, NaHCO.,(aq) 
<——_—______ —+______- 
@) 


66 65 64 


rr) 


aint Aagtentty sata hus 
fendite ee 6 nw a 
bios he a6) a laavitipes oa ok : ol vnog ofTy 
nodtso ‘Sat mane TOR Fo eh cae 
ott osuiaten, hed te to I a. -eneibs.ob 
tua optantinteth ‘ud beltrreg bas bess ost tw 98 
bartyasnaens, xf ta ug ee 7 

7 4 


nen bos quod aiaw 3 <_< ri amt zbnuoqmaa HAS int 


i Lm 


Gl. 


The first step was a modification of the procedure 
of Benkeser (115) due to Filby (38) and actually resulted 
in a mixture of 62 and 67 1H foae tet aStd. eA Lhoughsit 
was possible to obtain pure 62 Ci L5)eethesusesof thesmix- 


ture to obtain 63 proved satisfactory:here. 


67 

The conversions of 62 + 67 to 63 and 63 to 64 were 
Carried out by the method of Dev (j16) and Filby (38), the 
yield of 64 from 62 + 67 being 66%. Previously, Anderson 
(117) had produced 64 in only 45% yield by ozonolysis of 
a mixture of octalins. 

Conversion of 64 to 65 was accomplished by the 
method of Anderson (117) and Cope (118). The mild. con- 
ditions employed here (aq. NaHCO.) were found to be much 
more=ssuccessful than*the method ot Dev (116) (refluxing 
HCOOH). 65 appeared to decompose on standing even at 
-20° so that unless it was to be used immediately it was 


converted to 68 oe ad 8 
OH 
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Initial attempts to prepare 66 from 68 by the same 
method as used for the preparation of isopropylidenecyclo- 
pentane, 16, (reduction with sodium in liquid ammonia) 
gave low yields. Some other method of preparing 66 had 
to be found. The method of Brown (119,120) was used al- 
though great care was needed in order to prevent rapid 
HeCOmT Benn of the reaction mixture... Either 65 or 68 
could be used in this reduction with no effect on the 
product. The material obtained from this reaction was 
quite impure but 66 could be obtained by column chromato- 
graphy on either alumina or silica gel using pentane as 
the eluant. 

The olefin 66 had been previously obtained by Kovats, 
Furst. and Guathandii6121) iwhorhad.senamated it “by dietil- 
lation from a mixture Of isomeric compounds. However,it 
was inadequately characterized (reported only refractive 
index, boiling point and elemental analysis). Arnold 
(127) also prepared the olefin but reported only an ele- 
mental analyses and a boiling point. 

In this research the data presented allow the struc- 
ture of 66 to be assigned unambiguously. The Vy fie tina. 
spectrum shows no signals in the mleaanae region indicating 
that the double bond is tetrasubstituted. Analysis and 
exact mass measurement of the parent ion in the mass 


Spectrum confirms the elemental composition and purity. 


The structure proof relies on the Lege n.m.r. spectrum 
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which shows only six absorptions: any other reasonable 
isomers of 66 would show a different number of absorptions. 

The identies of all the other compounds shown in 
Scheme 7 were established by comparison of physical con- 
Stants and specta (where possible) with iveu ito 
values. 


Preparation of 1(8)-Bicyclo[6.4.0]dodecene, 74; 


a 


The sequence of reactions used to prepare 74 is 


Shown in Scheme 8. 


SCHEME 8 


OH 


69 


overall yield 15% 


@) 
ATCT 2/LiATH, 4% KOH 0 9 
<——$_____ o> ct 
MeOH 
73 


72 


~~ ~~ 


ey 
The basic sequence from 69 to 73 is due to Nozaki 
(123,124). In the first step Greenwood and Morris (125) 
Suggested that the use of triethylamine borane complex not 


used originally by Nozaki. Also Brown (126) and Koster 
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(127) indicated that initially in the conversion of 69 to 
70 some 79 is formed,but this can be isomerized to 70 by 
heating at 200°C for several hours. Even with the greatest 
care in the preparation of 70 only about 50% yield could 


be achieved as opposed to the 75% reported by Nozaki (123). 


OH 


78 76 


76 was prepared from 73 by reduction with lithium 
aluminum hydride (1 2A) se Reduct lone om 76 with sodium in 
liquid ammonia was no more successful here than in the 
case of 68 so reduction of 73 or 76 with aluminum tri- 
chloride/lithium aluminum hydride was used as before. 74 
was purified in the same way as 66. 

74 had been prepared by Niles (ageveandaErmans (329) 
who had proven its structure chemically. Here, as in the 
case of 66, the structure proof is based on the aac Te os ae 
spectrum which again shows only six absorptions as are 


expected for 74 but not for any other reasonable isomers 


of 74, 


Preparation of the Dioxetanes, 48 and 49: 


48 and ao were prepared by basically the same proced- 
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ure as used by Filby (38) and Kopecky (5) as outlined in 
equations [18] and [19]. 


[18] X 
CD aet+ CD 


Ho0,5 ether 
OOH. 
58 48 
OOH 
[19] as above 
——_—__—_—__ > 
x: “ 
66 49 
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However,in these two cases it proved impossible to 
isolate and purify any of the 8-halohydroperoxides as had 
been done previously (5,38). The usual techniques used 
to purify 8-halohydroperoxides as described in Chapter I, 
column chromatography and crystallization, both at low 
temperature, failed. It soon became clear after much 
work, that no matter which halogen was used, isolation and 
characterization of a B-halohydroperoxide of either 98 or 
66 was not worth the effort. 

This problem was overcome by proceeding directly to 
the formation of the dioxetane. Treatment of solutions of 


crude B-halohydroperoxides with silver acetate resulted in 
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formation of the dioxetanes. 

In the case of 48, reaction of AgOAc with both the 
B-bromo- and 8-iodohydroperoxides was carried out and com- 
parison of the results showed that the preparation using 
the iodohydroperoxide was more tractable. The crude pro- 
duct mixture could not be separated by low temperature 
column chromatography. However most of the dioxetane 
could be removed from the reaction mixture by distillation 
(38). the edioxetene present in the distillate was then 
further purified by low temperature column chromatography. 
Low temperature crystallization of the dioxetane from 
isopentane gave a product of 92% purity in about 4% yield. 
pant Of the loss of dioxetane ypesulting in this. low yield 
was due to the distillation used in the purification. The 
major impurity in the crude dioxetane-containing mixture 
was probably the allylic hydroperoxide, 77, and this 
material seemed to have an affinity for the dioxetane and 
not all the dioxetane could be removed from it by distil- 
lation. In fact, when the bromohydroperoxide was used to 
prepare the dioxetane, no 48 could be distilled from the 
reaction mixture even though it was present. Thin layer 
Chromatography indicated that an impurity moved with the 
same R ¢ as the dioxetane and this non-peroxidic impurity 
could not be separated from the dioxetane by any of the 
purification techniques used. This accounts for the fact 


that dioxetane of only 92% purity was used in the experi- 
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It is interesting to note that thin layer chromato- 
graphy provides an excellent method of following any 
manipulations of dioxetanes. The dioxetanes appear to be 
quite non-polar, moving rapidly in solvents containing as 
little as 5% ether. While dioxetanes do not appear to 
react with sprays that visualize most peroxides and even 
the peroxide 78, they can be visualized simply by spraying 
the plate with a solution of 5% DBA in toluene and heating 
the piate in the dark. The dioxetane-containing spots 
then glow brightly. Thin layer chromatography of dioxetanes 
could be put to good use in such experiments as spotting a 
small amount of both 48 and ol in the same place, heating 
the plate, developing it, and on visualization observing 
that,except for the impurity in the original dioxetane, 
the only product of dioxetane thermolyses was 51. 

Tne Sstrucrure of 48 was confirmed by thermolysis to 
a diketone and by reduction with lithium aluminum hydride 
to a diol. The only products obtained from these reactions 
(except for the small] amount of original impurity) were 


51 and 57 respectively, and this was confirmed in each case 
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by mixed melting points with authentic material. This 


structure confirmation is illustrated in Scheme 9. 


SCHEME 9 
; LiAIH, OH 
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PYen aia tal.0.N) 60,7, ae was AAR out in the same manner 
as for 48, that is, without isolation of the intermediate 
iodohydroperoxide. The iodohydroperoxide was used in 
this case since it appeared to give more dioxetane than the 
bromohydroperoxide. The crude dioxetane-containing re- 
action product was purified by two low temperature column 
chromatographies and several low temperature recrystal- 
lization from isopentane. The product, bright yellow 
needles, mp 57-59°C,was obtained in 26% yield with a 
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The structure of 49 was confirmed by reduction to 
79 which was identified by comparison with an authentic 
sample prepared by osmium tetraoxide oxidation of 66. 
Thermolysis of 49 did not give the diketone 92. This was 
not unexpected since 92 shoulm rapidly teyclize to 80 
which in turn should give 81 on treatment with mild acid 
or base (130). A similar cyclization was observed by 
Filby (38). This scheme was confirmed in two ways, 
ozonolysis of 66 with ozone in argon (131) followed by 
hydrogenolysis of the ozonide to give the ketol 80 which 
was converted to 81 by treatment with base, and oxidation 
of 79 with manganese dioxide (12200 <Give 80 which was 
converted to 81 as before. 81 was identified by compari- 
son of the melting points of its oxime and semicarbazone 
with the reported values (133). Then thermolysis of the 
dioxetane followed by treatment of the product with base 
and hydroxylamine hydrochloride gave 82 in good yield, 
confirming the dioxetane structure. These conversions 
are all outlined in Scheme 10. 

Note that 50 could not be prepared from de by any 
variation of the methods used for the other two dioxetanes 


and.4s therefore not discussed further. 


Rates of Decomposition of 48 and 49: 
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The decomposition of 48 and 49 were followed by 


~~ ~ 


observing the decay of chemiluminescence of these compounds 
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in benzene and toluene solutions respectively, using 
either DBA or DPA as fluorescers to enhance the lumin- 
escence to measurable intensities. It has been shown by 
Wilson and Schaap (50) that the presence of such fluorescers 
has no effect on the rate of decomposition of dioxetanes in 
aerated solutions. Also Filby (38) and others (50,134) 
have shown that the chemiluminescence decay method does 
measure the rate of dioxetane disappearance by comparing 
the results with rates obtained by iodimetry and by n.m.r. 
measurements. Since the observed chemiluminescence in- 
tensity (T,) of a solution of dioxetane is proportional 
to the concentration of dioxetane, the rate constants for 
the first order decomposition of 48 and 49 were estimated 
graphically by plotting log I, against time. 

Several difficulties were encountered in obtaining 
reproducible rates for 48 and 49. 49 appeared to be 
very stable since temperatures over 70°C were required to 
obtain reasonable half lives. Part of the difficulties 
in getting good rates for 49 was a direct result of these 
high temperatures since it seemed that heat from the cell 
compartment was being transferred to the spectrofluori- 
memerete vec bromres*GauSing “Mistabriity “ine the circuTts of 
the instrument. This was avoided by keeping the hot cell 
out of the sample compartment until a reading was taken. 


While outside the instrument the sample cell was insulated 


and protected from light to prevent photodecomposition of 
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the dioxetane (50,135). Reproducible rates for ee were 
Only obtained when pure dioxetane was used. In the case 
of 48 different problems were encountered. At first, even 
with the purest dioxetane available,the rate plots were 
not first order. It was observed, however, that impure 
samples of dioxetane containing allylic hydroperoxide im- 
purities gave reasonable straight lines. However this 
impure material could not be used for kinetics since the 
concentration of dioxetane could not be determined. It 
was found that addition of a small amount of t-butyl hydro- 
peroxide to the pure dioxetane samples gave good straight 
lines and first order rate constants that were the same 
asathose used in the end. | However addition of a foreign 
material to straighten out the plots was hardly an accept- 
able solution. There was only one thing left to change, 
the solvent. The benzene used above was a commerical 
“Spectrograde" material. However,when carefully purified 
benzene was used for the rate determinations all the 
problems disappeared and t-butyl hydroperoxide was no longer 
necessary. Something in the original solvent must have 
been catalyzing the decomposition and when it reacted with 
either iM or t-butyl hydroperoxide the catalytic ability 
was lost. 

Examples of the data obtained from the decomposition 
o f 48 and ag ceemoneccr ed ingidabies, 1ilvand IV respectively. 


First order rate plots of themdata in Tables III and IV are 
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Decomposition of 9,10-Dioxa[3.3.2]propellane, 48, in Benzene 


at_45.1°C 
Run #21] 

Time (s) Meter Reading (1,) Hog be 

are 12.70 aetiee 
— 10.25 call 
1500 se oe 
‘a 8.57 0.933 
en 7.08 0.850 
3900 4.33 oe 
ee Se 0.600 
‘ re i656 
i ae 2.98 0.474 
5700 2173 0.386 
‘ewe 1.98 0.297 
ioe 1.48 0.170 


from GGann k = 3.19 x win ame 
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TABLE IV 


Decomposition of 11,12-Dioxa[5.3.2]propellane, ec ley ati 


Toluene at 93.7°C 


Run #17 
Time (s) Meter Reading Ole log Me 
840 oun | 0.940 
1200 Tg 0.898 
1800 6.67 0.824 
2400 5.63 O25 | 
3000 4.82 0.683 
3600 4.09 O26 12 
4200 3750 0.544 
4800 2.98 0.474 
5400 Vee ay 0.403 
6000 eS G.332 
6600 iaz2 0.260 
7200 155 0.190 
7800 1.34 Onali2 7 


from graph k = 2.71 x 107" s7! 
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FIGURE 2. 


Rate of Decomposition of 48 in Benzene at 45.1°C. 
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FIGURE 3. Rate of Decomposition of 49 in Toluene at 93.7°C 
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SOW einer ROUneS 2 andmemrpespectively. Table V gives a 
summary of all the rate constants obtained for the 


thermolyses of 48 and 49. 
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TABLE V 


Rate Constants for the Decomposition of 48 and 49 


Compound Temp Initial Concentration Solvent Fluorescer Rate Constant 


(°c) (mM) Ge) 
48 45.1 0026 Gale DPA 33.2 
48 45.1 .0022 CoH DPA 31.9 
4845.1 0090 Cail DPA 33.3 
48 45. .0032 OA DPA Bae. 
a Le ce .0010 eth DBA 33.6° 
18 25.0 0065 Gai DPA 2.10 
4g 25.0 0055 Gare DPA 2.08 
4g 25.0 .0090 cae DPA 2.20 
49 93.7 . 0081 Toluene DBA Chee 
49 93./ 0081 Toluene DBA 27a 
49 ey 0081 Toluene DBA 27.3 
49 Loe 016 Toluene DBA 5.05 
49 75.0 014 Toluene DBA 2.97 
49 75.0 012 Toluene DBA oa 


2 Run with nonpurified solvent and t-butylhydroperoxide added. This 


run was not used in further calculation. 
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Activation Energies of 48 and 49; 


Using the rate data given in Table V the activation 
energies for the thermolysis of the dioxetanes were cal- 


culated using eq. [20] (74). 


4.576 ToT, (log k, - log k,) 


aot 


[20] Bogor ws 


Enthalpies and entropies of activation were calculated from 


SamaciOnse lola ie? |-res pect iveliye 


(219 aie Bae Ri 


EN 
4.5767 


[22] ast = 4.576 (log KG = HOse 5 Oe- hod ie 


The values of the activation parameters calculated from 
these equations are presented in Table VI along with 
Filpy=s (38) data for 42. 

The activation energy for the thermolysis of 48 was 
also measured by the temperature change method described 
and used by Wilson (50,74). In this method two constant 
temperature baths at two different temperatures are con- 
nected to the spectrofluorimeter in such a way that the 
cell temperature can be changed rapidly. The meter reading 
at the first temperature is taken, the cell temperature is 


changed and a second meter reading is taken. Wilson (50) 
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TABLE VI 


Activation Parameters for the Thermolysis of 1,2-Dioxetanes 


Compound ER 
(kcal mole” |) 
42 2300+ 0.6 
48 25.6 + 0.6 
48° 23.3 
49 29.8 + 0.4 


Temperature 


(°C) 


Coa) 


75.0 


(kcal 


AKT 
mole!) 


S82. 


-1.5+ 


+4 


| + 


@ Errors were estimated by substituting extreme values of kK and ) 


into eq. [20]. 


: Determined by the temperature change method described. 
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has shown that as long as the concentration of dioxetane 
does not change very much during the equilibration time for 
changing to a new temperature, then the chemiluminescent 
intensities measured are proportional to the rates of re- 
action at the temperatures used. The activation energy can 
then be calculated from eq. [23]. 


Ra npel c/a) 
[23] of Ges aT MRE Ae Aa 


|— 
meant 
“TT 


In eq. [23a), I, is the meter reading at Ty> I, is the meter 
reading at Ty and ES is the activation energy for fluore- 
scence of the fluorescer used. In these experiments DPA 
was used as a fluorescer and for DPA Fo. = 0. The results 
of the temperature change experiments on 48 are shown in 
Table VII. Note that both temperature rise and temperature 
drop methods were used and both gave the same results. 
Wilson (57) has shown that the temperature drop method 
of activation energy determination is independent of any 
dark reactions of the dioxetanes and that if the activation 
energies determined by the two methods used here differ, 
the temperature drop value is higher than that from rate 
constant determinations. Here, however, the temperature- 
drop activation energy is lower than the rate constant 
] 


value but since the two values are within about 2 kcal mole 


Di ‘eneh other at isuprobably fair to ascribe this difference 
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TABLE VII 


Results of Temperature-Change Experiments on 48 in Benzene at 44.8°C 
and 24.8°C with DPA (2 x 1072 ) 


Run Concentration of 48 I, I, a ey 
teh. (M) Pi (kcal mole ) 
= 1.12 13.4 23.4? 
2 a 1.00 11.8 2302" 
a b 
3 : 0.94 11.2 meee 
A 0.0049 1.88 22.5 23,4? 


4 Impure solutions of 48 were used and no concentration was determined. 


f Temperature drop. 


: Temperature rise. 
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to experimental error resulting in an average activation 


energy for 48 of 24.5 kcal oleae 
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Quantum Yields of Excited State Products 

The method used here to calculate the quantum yields of 
excited states has been used extensively by Wilson Copey es as 
who developed the method, and by Filby (38). It relies on 
the assumption that at infinite concentration of DPA all 


the singlet excited carbonyl] products are trapped (by singlet- 
Singlet transfer) ‘and “at infinite: concentration of DBA 


all excited carbonyl products are trapped. The fluores- 


cence of DPA is then a measure of the number of Singlets 
formed. Now normally dioxetanes produce many more triplets 
than singlets on thermolysis (57) so that in general, 
excitation .on DBA By Singlet-singlet transfer is small 
compared to triplet-singlet transfer and is ignored. Thus 
the fluorescence of DBA is a measure of the number of 
triplets which transferred their energy to DBA. The 
efficiency of this triplet-singlet transfer for DBA 1s 
Known so that the total number of triplets formed can be 
Calculated. This method relies on the heavy atom effect 

in DBA which, because DBA contains two bromine atoms, 
causes mixing of the singlet and triplet states allowing 
the normally forbidden triplet-singlet energy transfer to 
occur (84). In order to calculate the quantum yields, the 
chemiluminescence intensity at infinite concentration of 
both DBA and DPA must be found for each dioxetane. This 


is done as follows. 
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Reactions leading to fluorescence from a solution 
containing dioxetane (D) and a fluorescer (F) are shown 
in Scheme 11. K represents a carbonyl group-containing 


product (50). 


SCHEME 11 
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F a — ee area 


The mechanism shown in Scheme 11 leads to the expression 


for the chemiluminescence quantum yield shown in eq. [24]. 


[24] SI ee ee ee 
Poy PF k,o-[F ] 


Ineed.. [241], Pou is the chemiluminescence quantum yield 
and Oe is the fluorescence efficiency of the fluorescer, 
F (50). Since the chemiluminescence intensity, R, as 
measured by the spectrofluorimeter is proportional to 

the chemiluminescence quantum yield a plot of Bo against 
[F)7! should bea straint tine. Tabties VIII. and IX show 


the results of light emission measurements from solutions 
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TABLE VIII 


Variation of Chemiluminescence Intensity of 48 (0.0091 M) with the 


Concentration of Added DPA in Benzene at 25°C 


Fluorescer Concentration [F] | Reading 1 
[eS R 
(M) (R) 
5x 10 2x 10° .290 3.448 
107° 10° ieee 1.808 
Oi 10a 5 x 10° 992 1.008 
Soar 200 1.92 0.521 
ee Ni 125 2.465 0.406 


10 100 2590 0.345 


a en 


we 
oy = 
" Nad 


an ae he sie 


' mer ay ad uae ra iine® 


ie re 4 


TABLE IX 


89. 


Variation of Chemiluminescence Intensity of 48 (0.0091 M) with the 


Concentration of Added DBA in Benzene at 25°C 


Fluorescer 


5 x 
Oax 


yeas Gan be] [F] 
1077 10' 
16° 2x 10° 
tr 10° 
iter 500 
jie 200 
‘Wp 125 


Reading 
(R) 


=316 
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90. 
FIGURE 4. Effect of Fluorescer Concentration [F] on the Relative 
Intensity of Chemiluminescence from 48. (Dioxetane Con- 
centration, 0.0091 M). 
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of 48 in the presence of DPA and DBA. Figure 4 shows 
DAOUSsO( a iescata in lables. Vlideand. 1X. 

The measurements were taken at temperatures such that 
the concentration of dioxetane did not change while the 
reading was being taken. Plots of R7! against ear for 


to 107° 


DBA were all linear in the range 10° M of 
fluorescer indicating that the fluorescence of DBA occurs 
via excitation by a single species of excited state (50). 


to5 x 104M 


Plots for DPA are linear in the range 10° 
in fluorescer, but the difference in Slope shows that DPA 
is being excited by a different species of excited state 
than DBA. Wilson (50) has shown that DBA is excited by 
triplet-singlet energy transfer from the triplet carbonyl 
products of dioxetane decomposition while DPA is excited 
by the singlet carbonyl products, and this forms the 
basis for the determination of quantum yields as described 
in the next section. Readings for DPA or DBA at con- 
centrations higher than as M were not taken since self- 
quenching of fluorescence produces incorrect readings (38). 
Table X shows the results for light emission measure- 
ments for 40 and G9 a5 well as go. Values for Zweite 
determined since this compound was to be used as a Act 
Standard as suggested by Filby (38). 
Before the quantum yields can be determined the specro- 
fluorimeter must be calibrated. The light standards 


available for convenient use are the radioactive standard 
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TABLE X 


22. 


Slopes and Intercepts of the Double Reciprocal Plots of Chemilumin- 


escence Intensity and Fluorescer Concentration in Benzene 


Dioxetane Concentration Fluorescer 
(M) x 10° 
40 102 DPA 
40 eG DBA 
48 0.9] DPA 
48 O29 DBA 
49 0.74 DPA 
49 0.74 DBA 


a 


Temp 
(°C) 


Slope of 


1/R vs 1/[F] 


x10"? 


4.18 


1/R.,,° 


7.43 
Og? 
0.199 
Gr 221 
2.02 
0. 31 


R. is the spectrofluorimeter reading at infinite concentration of 


fluorescer obtained by extrapolation. 
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of Hastings (136) and the luminol standard of Lee and 
Seliger (137). Both of these have major drawbacks to 
their application. The Hastings standard gives off only 
weak emission and thus can only be used to calibrate 
sensitive instruments. The luminol standard is easy to 
prepave=andmdcives Off a brightl ine bute teis difficult 
COSUSe Sin practice. BEIWHY suggested that 40 would pro- 
vide a very convenient light standard. a0 Mismelas y. 600 
prepare pure, gives off a reasonable intensity of light 
on thermolysis and because it is the most studied of 
abl=diexetanes (/9582783.93,140, 141) 7Tts excited state 
yields are well known. The excited state yields of 40 
used to calibrate the spectrofluorimeter here are based 
on the luminol standard and are due to Kopecky (39). 


4 TOV eSing Ketan Ce tone wand 0. 22 | 


These yields are 2.5 x 10° 
for triplet acetone. These values are in excellent agree- 
ment with recent values of Adam (91). Other authors 

have used 40 as a standard as well (97,140). 

The Baiuea statesquantum (yieldsecan dthensbé “cal cu- 
lated as follows. The absolute chemiluminescence inten- 
Shhh! tis: Jiveneinesqe 025 Puhere Repis ithedspdctiaf tuent- 
meter reading at infinite concentration of fluorescer 
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The chemiluminescence quantum yield is then given by eq. 
[26] where Kg is the rate constant for the decomposition 
of the dioxetane at the temperature in question, [D] is 
the “concentration of "dioxetane in ‘one ailliliter sof tsolu- 


tion and AB is Avogadro's number. 


[26] OO: : 


The chemiluminescence is related to the yield of excited 
States ®) x by eq. [27] where o-, is the quantum yield 
of energy transfer from the excited product to the fluor- 
escer, F, and o- is the quantum yield for fluorescence of 
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ee d = @¢ x 


D> k 


Before equations [25] - [27] can be applied several 
other factors must be considered. The observed chemi- 
luminescence intensity can be affected by several factors, 
quenching of fluorescence by dioxetane and quenching by 
dissolved oxygen. Jt has been shown that 1,2-dioxetanes 
quench the fluorescence of DPA (50) and biacetyl (147) but 
at the low concentrations of dioxetane used here this 
quenching effect should be small and is ignored here (50). 
However quenching of fluorescence by dissolved oxygen has 


been shown to be about 20% in the case of DPA (50). Thus 
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this value of 20% quenching is probably reasonable at 45°C 
or less but at 69°, considerable outgassing of the solvent 
was observed. Less dissolved oxygen in the solution may 
result in less quenching of DPA at higher temperatures and 
So values of singlet quantum yields at 69° should be con- 
Sidered as maximum values. With this proviso in mind al] 


instrument readings involving DPA are increased by 20% and 


corr 


co 


are denoted by R ror DSA; rapid intersystem crossing 
to the triplet state (83) results in a shortened singlet 
lifetime that is too short to be efficiently quenched by 
oxygen. Normally dioxetanes produce many more triplets 
than singlets on thermolysis (57) and so excitation of DBA 
by singlet-singlet transfer is generally small and ignored. 
However, when the yield of singlet excited state product 
is close to the yield of triplet products a correction 

for singlet DBA produced from singlet products must be 
used. With these corrections in mind we can proceed. 

The only values in equations [25] to [27] not deter- 
mined here are Pee and o,. For “DPA, oe 1s unity and tem- 
perature independent (83) and at infinite concentration 
of DPA all ketone singlets should be trapped by an allowed 
singlet-singlet transfer to DPA so that Pee TS oySO UNTLY. 


For DPA, eq.” [27 |) becomes ‘eq"4 [28] 


[28] Pn rary yu} 
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For DBA however, re Ts eapouty, 022, (142) and Oe 1S 
0.1 rat 20°C but it is also temperature dependent. The 


exact temperature dependence of oe is not known but Wilson 


assumes that it is similar to that of 9,10-dichloroanthra- 
cene with an activation energy for fluorescence of -4.5 
Kea] awe, Thus, using the methods of Wilson (74) Ls 
POP SUBAAwasmeslicu liatedoto be 07093 sat25-C andg0/0386 at 
69°C einsordereto.*calcul ate 36 from eq. [27] these values 
must be used. 

The calibration constants may now be calculated. 


For DPA, Kopecky (39) reported that for 40 at 45.0°C, 
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ke =61.34 koL0°°. se and eo =.2.5!x40°". From Table Xx, 


D 
Tor Solutions: of 40scontaiming DPA we Tind "Ro = -0.135 


(oe) 


and [D] = 0.0102 M. Correcting for oxygen quenching of 


DPA R. becomes ae =). 440935 SUuUDS ta tubing? 1neequations 
P28]; £26] and [25] we find KypA = ee 2, uD ax 10" photons 
my! =! per spectrofluorimeter unit. Similarly for DBA 
using Kopecky's (39) value of 35 of 30.221 at 45° erpa 7 
0.065 (38) and data from Table X for 40 and DBA we find 
KoA = 4.65 x 19!9 photons ml) “7 per spectrofluorimeter 
unt. 


By using these two calibration constants, the data 
imi Table=’i and equations [25] to [28% the excitedistate 
yields, Le and es for 48 and 40 can pe ebtained. SAI! 


pertinent data and the results are shown in Table XI. 
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As indicated in the introduction this research was 
undertaken in an attempt to explain the results of Filby 
(38) who had shown that the singlet and triplet yields 
from 42 were abnormally low when compared with other di- 
oxetanes. Filby had pointed out that if strain was 
present in the product ketone then there might not be 
enough energy available to efficiently excite the product. 
This is best illustrated by the following example calcu- 
lation of the energy available from thermolysis of nee 


as shown below. 


42 O 64 


The energy available from the decomposition of a di- 


oxetane, Ep: is given by eq. [29]. 


[29 ] En = AHe (products) - AHo (dioxetane) eae 


f A 


The heats of formation of the dioxetane and the dione can 
be calculated by using Benson's additivity method C93..948).. 


Using 42 as an example: 


[30] ae (42) = 8[C-(H)5(C),] + 2£C-(C)4(0)] 
+ 2[0-(0)(C)] + corrections. 
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[3hi AH. (42) = 8(-4.95) + 2(-4.5) + 2(-6.6) + corrections 


The corrections involved here include the following, which 
must be added to eq. [31]; the dioxetane ring strain of 25 
kcal mole! as used by Richardson (39), four ether- oxygen 


gauche interactions at 0.5 kcal mole’! each, and a correc- 


tion for the cis-decalin system in 42, 136 kcal mole |. 
Eq. [31] becomes 
[32] AHe (42) = 8(-4.95) + 2(-4.5) + 2(-6.6) 

] 
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For the dione, 64, the calculation is given by eq. [33] 


[33] AHF (64) = 4[C-(H),(C),] + 4£C-(H),(C)(CO)] 


Prec) )) ae (C)o] teCOnrecti1ons 


Heyegrhefondy correct lonsisy the siradn ani the; is6-cye lode- 


candione ring. Filby (38) estimated this value to be some- 


where between 0 and 13 kcal mole !, EGtad 33 lebecomnes 
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[34] AH e 
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Substituting all values known into eq. [29] and using 


Filby's value of E, as +22.9 kcal/mole (38) 
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From eq. [35] it is easy to see how important the strain 
in the dione ring is. If strain (64) = 0 then Ny 293.) 
and if strain (64) = 13 then Eno = -80.1 kcal gar poalle 
Assuming that carbonyl] compounds in general have about 

the same requirements for excitation as acetone (singlet, 


eo kealvmotes send triplet. 76 koatamote. 


(96)), then 
the strain in the dione ring dictates whether enough 
energy is available to form singlet products. 

Since Filby's work two reports of the strain in the 
1,6-cyclodecanedione ring have appeared. Benson (94) re- 
ported that the strain: in cyclodecanone was 3.6 kcal mole! 
based on the difference between the actual experimental 
value of the heat of formation due to Wolf (143) and the 
value calculated by Benson's additivity rules. The strain 
in 1,6-cyclodecanedione must be less than 3.6 kcal mole’! 
Since introduction of a second sp° centre should reduce 
the strain in the ten-membered ring even further (144,147). 
mus.con Benson s scale the ring strain correction for 64 


is probably 0 < Strain (64) < 3 kcal mole '. However 


Allinger (144) has reported at value: of 8.22 kcal mole - 
for the strain in Of, Ge tidy oT Allinger. s results “¢144) 


shows that his method of calculation gives a value for the 
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heat of formation of cyclodecanone of -67.18 kcal mole! 


while Wolf reports (143) that the experimental value is 


1 


-72.91 kcal mole a difference of almost 5 kcal mole. 


Since Allinger‘s method does not give a reasonable value 


for the heat of formation of cyclodecanone (or cyclo- 


octanone for that matter, Allinger AH = -59.32, experi- 


mental (143) -65.05) Benson's values, which are based on 
experimental results are used in the rest of the discus- 


sion. Thus, using Benson's values for the strain energy 


we find 30m esters < -93.1 kcal mole’! 


If the calculation done on 4 Cuntiseer epeatedefor 48 and 


from eq. [35]. 


ao the following results are obtained. The energy avail- 
able from 48 us Ene = -]03.2 (based on Benson's value of 
iee5 Stor the strain in cyclooctanone, the strain in 1,5- 
cyclooctanedione was set equal to zero). The energy avail- 
able from 49 is-107.1 < jg <-110.1 kcal mole’! using the 
same ring Shane apes ok bor 92) (0's 35kcay mole!) 
Table XII is a summary of the energies available from de- 
compositions of several dioxetanes and it can be seen that 
in each case shown there appears to be enough energy to 
excite the product ketone Co either its singlet: or triplet 
Sieve. 

The reason for the difference between the available 
energy of 40 and 42, and 48 and Seis that 4osand. 49 “have 
strain energy inherent in their fused ring systems (per 5- 


membered ring, 6.3 and per 7-membered ring, 6.4 kcal mole!) 


mie. 


stor | Beye . 


ae 


Na 
afom tea GT, %2- to snonsoet of 


[- 
et aulsyv Descadasecd saz se 
-sfom fea @ $20mts ¥o abnove 


ee ee he te " 
an 22908 cis | 
of 3a 10), gnonssobot aya to vertu Yo eee 
4agne ~SE.0@- = SHA vent FA" s79tsom gens 10%) ime io 
no deesd ov8 toin 20uT aw 2 ‘noaned \e0, a3 « {EB{) tne he 
canal sft to tear vit AF beew’ 648: “NT u2e% fstnembyagxe 


aul sey sidsnozea’ 6 evig son ‘saan b 


worse ataate and 50% asuléev- @ ‘woensd. pahep sent neha 
‘Tet } «pe wand “ate om I §o%- 1.€@+ = spel. oe Rath si 

baa Sh vat beteeget 2f, 20 ne wat natts (uote. add pe he - | 
-{ffisve \Ypyens ont pdarents 576 ‘27 vent. oatwar fo¥- ont Fon 
to sulew 2@'aoenss a0 bsead) AQt- = rr ai ap mont ae 
tel ab whbeee) we _snorkso0T aye nt atsnge oat sot 2. ir 


-lisvs yvorxone otf -(Oves od Tanga tee eeM: ‘soptbensdzoaf aya. | 


hun 
| ao 
say gnat2u bs efom That f. OTt-> oh? ze fot et nel it orgs © y) | 


pte dtom taon & - SL. Sg 401 not toe7v09: nberee gary oan. oe 1 
9b mov? eiesiieve eet grams eit to ene 5 et tix a ae 
tadt ngoe $d Mo St bas aanbtoxcth feveve2 to ence 

o} vertene (avons ad ot 2699s ire 9262 se: at! 


a 


ae Prawn 


2 ulitiess 
ah ft 


” i 
| 


TABLE Ki) 


Energy Available from Thermolysis of 1,2-Dioxetanes 


Dioxetane Ey (kcal mole!) 
40 -92.] 
42 - 90.1 to -93.] 
48 seo 2 


49 waeus.!1 to -110.1 
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Chat us NOtepresent. 1n 40 and 42. 

However, Wilson (57) has pointed out that available 
energies as calculated above by Richardson's method (89) 
should probably be considered as the maximum possible 
values if Richardson's biradical mechanism is correct. 
Figure 5 shows a schematic diagram of the energetics of 
dioxetane decomposition basedon the biradical mechanism. 
itgihe picture wmeFigure 5 is correct then eq. [29] should 
actually be eq. [36]. 


i336) E np = He (product) ue 


¢(biradical) Pe 


AB 


Wilson thus suggests that ,in Fact, @np is the energy avail- 
able on dioxetane thermolysis not Ep: It ts. possible to 

imagine that based on Figure 5, even if ED is large enough 
topvexcite the products tomboth possible states, Eno 
not be large enough since Enp depends on the value of EAR 


may 


which is unknown. Of course the whole argument rests on 
the exact energies of the triplet and singlet states of 
the product. | 

Unluckily in this work it was not possible to deter- 
mine if the lack of availability of excitation energy was 
the cause of the low yields of triplet excited states 48 
and ac However, even though calculations show that 
enough energy is available, Wilson's arguments show that 
lack of excitation energy may still be the explanation for 


the low excited state yields. 
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FIGURE 5. Schematic Diagram of the Energetics of Dioxetane 
Decomposition based on the Biradical Mechanism 
of Richardson (59, 89). 
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As eq. [29] indicates, the energy available from di- 
oxetane thermolysis is assumed to be the sum of the dif- 
ferences in enthalpies of formation of reactants and 
products minus the activation energy. Perrin (98)  how- 
ever, suggested that the availabie energy should be re- 
lated to the change in free energy in going from reactants 
to products. In other words, entropy as well as enthalpy 
but not activation energy must be considered. Perrin 
uses 40 as an example and shows that enough energy is 
available to excite acetone. However in the case of 40 
decomposing to two separate acetone molecules the change 
-in entropy is large, but in the case of tnemtricyclic 
dioxetanes the change in entropy will be much smaller 
since only one molecule is formed on thermolysis. Perrin's 
scheme would predict that excitation of the cyclic diones 
formed on thermolysis of tricyclic dioxetanes would not 
be possible. The data presented in this chapter show that 
both singlet and triplet excited cyclic diones are formed. 
Perrin also stated that based on an isothermal thermodyna- 
mic cycle, thermodynmaics should limit the quantum yield 
of a chemiluminescent reaction. Perrin's theoretical 
arguments have been shown to be incorrect by both Lissi 
(99) and Wilson (100), in agreement with the experimental 
evidence. 

As well as calculating the energy released on dioxe- 


tane decomposition, Benson's methods (93-95) can also be 
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used to estimate the activation energy of the decomposi- 
tion based on the biradical mechanism (78,79). This method 


is based on Figure 4 and outlined in eq. [37]. The heat 


[37] E hedud? 


A ¢(biradical) - He (dioxetane) +E 


-] 


Oo 


of formation of the biradical, AH-(biradical), Can be cal- 


culated as shown below, using Benson's additivity values 


for radicals (95). For 42, AH? (Ae) ais 38.) eal mole”! 
fal Pee 


T (g9). an? 


from eq. [33] and E_, = 8.5 kcal mole f 


(biradical) 


can be calculated as follows. 


8[C(H)9(C)y] + 2[¢(0) (C)4] + corrections 
] 


[38] AHe(biradical) 


-22.4 + corrections kcal mole 


The corrections include 1.6 kcal mole! 


] 


for the cis-decalin 


system, 2.0 kcal mole for the four ether-oxygen gauche 


] 


interactions, and 0.5 kcal mole for the interaction between 


the two oxygen atoms. Eq. [38] becomes 


e) ] 


[39] AH, 


(biradical) = -22.4+1.6+2.0+0.5 = -18.3 kcal mole” 
substituting in .eq.,-[37] thevactivation energy is 
[40] En (42) aloe o oe Oecd oor =2 26-4 a ca L/mo le 


Similar calculations show that the activation energies for 
all tricyclic digxetanes shou) d, cha ldsin uthesnanges22 =<24 

kcal mole”'. Table VI shows that while 42 and 48 fall in 
Or near this range 49 with an activation energy of almost 
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are most probably steric. Molecular models of 49 show that 
if it opens to the biradical the two dioxetane oxygen atoms 
move apart forcing some of the ring hydrogens together. 

This is illustrated below for one conformation of the biradi- 
cal. The hydrogens circled are closer together in the bi- 
radical than in the dioxetane. Other conformations of the 
biradical suffer from the same sort of unfavourable inter- 


actions. 


in sow T- 


These transannular interactions occurring on biradical 
formation require energy to overcome, resulting in a 
higher activation energy and a slower rate of decomposi- 
tion. These sorts of unfavourable interactions can be 
avoided in both 48 and 42 and so the activation energies 
for these compounds are much closer to the calculated values. 
Table XIII gives a list of excited state yields of 
some dioxetanes. One of the problems encountered when 
comparing yields of excited states is that different 
authors use different light standards and unluckily the 
different standards in use do not give mutually consistent 
results. Three light standards in general use are the 


radioactive standard of Hastings (136) used by Wilson, 
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Source 
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another radioactive standard used by Adam (56,91) and the 
luminol standard of Lee (137) used by Kopecky and also in- 
directly in this work. Approximate conversion factors to 
the luminol standard are about 0.5 for the Hastings' stand- 
ard and 0.67 for Adam's standard. The values in Table XIII 
have been converted to the luminol standard using the con- 
versions above. 

Of the tricyclic dioxetanes known, only a9 has excited 
state yields similar to those of the open chain dioxetanes. 
It also appears impossible to explain the variation in the 
excited state yields of the three tricyclic dioxetanes on 
Structural grounds. Wilson (74) cannot explain the low 
yield of triplet obtained on thermolysis Oi! either. More 
work is necessary before the factors affecting the absolute 
and relative yields of singlet and triplet excited carbonyl] 
compounds from thermolysis of dioxetanes can be determined. 
Probably several factors are at work because,while nena 
a reduced overall excited state yield and a very high trip- 
let to singlet ratio, 48 has a reduced overall yield but 
a dow triplet to singlet Tatto. ‘The similarities in the 
yields of excited states between sovand 47 areeditficult to 
understand on the basis of dioxetane structure since the 
structures of the compounds are so radically different. Com- 
parison of Tables XI and XII does show that having large 


amounts of energy available for excitation does not result 
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in a dioxetane giving more excited product than obtained 
from a dioxetane with less available energy. For example, 
an has considerably more available energy than 40 but the 
yields of excited products are not very different. 

This work has provided more examples of dioxetanes 
which behave diffently from the norm. The fact that the 
three tricyclic dioxetanes known all behave differently 
With respect to triplet/singlet energy partitioning must 
be consistent with any mechanism Purporting to explain the 
production of excited state products from dioxetane ther- 
molysis. Also, it has been shown that a Gyo 1.ce ss. truc= 
ture in a dioxetane does not prevent excited state pro- 
duction similar to the excited state production in simpler 


dioxetanes such as 40. 
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The instruments used in this section were the same as 
those used in Chapter I. I3¢ n.m.r. spectroscopy was 
done on either a Varian HA100-15 or a Bricker HFX-10 
Spectrometer. The exact mass measurements in mass spectro- 
Scopy were done on an AEI MS-50 spectrometer. The Spectro- 
fluorimeter used was a Turner Model 430. 

Hydrocarbon solvents were purified as outlined in 
Chapter I. Anhydrous tetrahydrofuran was prepared by re- 
fluxing the solvent over calcium hydride for 2 h and then 
distilling from calcium hydride onto freshly activated 
molecular sieves, type 4A. Acetone was purified by re- 
fluxing over potassium permanganate for 1 h and then dis- 
tilling onto freshly activated molecular Sieves, type 4A. 
Benzene and toluene were purified by washing with concent- 
rated sulphuric acid until the acid layer remained colour- 
less, washing with water, drying over MgSO, and distilling 
twice rejecting one tenth of the total volume as preflow 
and another tenth as residue. Triethyl orthoformate was 
purified by distillation. DPA was purified by recrystal- 
lization from toluene. 

Dry, inert atmospheres of either nitrogen or argon 
were supplied by passing the gas through Feiser's Sout 10N., 
10% lead acetate solution, sulphuric acid, sodium hydroxide 


and anhydrous calcium sulphate. 
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Drying of solutions was done with magnesium sulphate/ 
calcium sulphate for ether solutions and with magnesium 
Sulphate for other solvents, unless otherwise noted. 

Removal of solvents from solutions was done on a 
rotary evaporator equipped with a dry-ice condenser and 


a bath at room temperature unless otherwise noted. 


1,5-Cyclooctanediol, 56: (105 511074408) 
ee oe ee eee ers oe eee 


To a two liter, three-necked flask equipped with a 
reflux condenser,’ a pressure-equalized dropping funnel, 
a magnetic stirrer and a nitrogen inlet and outlet was 
added 1 M borane in tetrahydrofuran solution (800 ml, 0.8 
moles). The transfer was made under a flow of dry nitro- 
gen using a syringe equipped with a Syringe valve. The 
flask was purged with dry nitrogen before addition and 
it was kept under a constant pressure of dry oxygen-free 
nitrogen during the following procedure. To the borane 
solution 1,5-cyclooctadiene (86.4 g, 0.8 moles) made up 
to 200 ml with anhydrous tetrahydrofuran,was added drop- 
Wise over 30/m. ‘The clear reaction mixture was refluxed 
onerhoureand: cooled; to: O0°Cofinyan ice-salt bath:- A pre- 
Cipitate formed. 6N sodium hydroxide solution (400 m1) 
was added very carefully while maintaining the reaction 
temperature below 10°C with the ice-salt bath. | 30% hydro- 
gen peroxide (300 ml) was added dropwise while maintaining 


the reaction temperature below 10°C. The reaction mixture 
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consisted of two layers, so the aqueous layer was satur- 
ated with potassium carbonate and the Organic layer was 
separated, dried and evaporated to an oil. This oil was 
co-evaporated once with 98% ethanol and twice with carbon 
tetrachloride, to give a white, crystalline mass. Thin 
layer chromatography (ether) indicated that the product 
Was vi Rela ity pure ity ré1d91] 5 keh ( Vo07 VePON Lemati portion 
of this material was purified by column chromatography on 
Silica gel (eluant ether) to give a white crystalline 
SOstd Jeni ps #2'Y FAC P-reported@(105eT07 39731504 7anncc. 


The i.r. spectrum (nujol) showed absorptions at 3260 


cm”! (O-H stretch). 


The n.m.r. spectrum (DMSO-d) Showed absorptions at 
TVSV784(d500H) andersss (broad)! 


1,5-Cyclooctanedione, S12. (409. T0146) 


Sa eee 


Crude 56 (72-4, SON Samos) prepared above was dissolved 
in purified acetone (1000 ml) and Jones reagent (146) was 
added dropwise while keeping the reaction temperature be- 
Tow 30°C. Addition of the oxidant was continued until a 
pronounced yellow-orange colour persisted in the solution 
for more than 10 m. The acetone was then decanted from 
the green precipitate and the precipitate was washed wel] 
with fresh acetone. The combined acetone solutions were 
stirred with 2-propanol (10 ml) to destroy excess reagent 


and then sodium bicarbonate (5 g) was added. The solution 
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was filtered through "Celite" and the acetone was removed. 
Water (200 ml) was added to the residue and the resulting 
solution was extracted with dichloromethane As eot BhO.Os mF. 
The combined organic extracts were washed with water (50 
ml) and dried. Removal of the solvent gave oily white 
crystals. This material was dissolved in purified acetone 
(1000 ml) and the oxidation step was repeated until the 
second endpoint was reached. This took about 10 h. The 
reaction mixture was worked up as before to yield 42 g of 
abyel howtskhoily solid. This was recrystallized from 
ether/pentane (2x) to give pure white needles, 23 g (33%), 
m.po 71,.- 72°C as reported (109). 


The i.r. spectrum (CHC1.) showed absorption at 1710 cm7! 


(C=0 stretch), reported (109) 1698 ee 
The n.m.r. spectrum (CDC1.) Showed absorption at t 7.6 


(broad). 


lob icyclol 3.3.0 loctanediol Se BCL Ois: Tally) 


Zinc amalgam was prepared by shaking mossy zinc itl 0.-q’) 
for 3 m with a solution of mercuric chloride (11 g) in 
water (125 ml) and concentrated hydrochloric acid (3 ml). 
The liquid was poured away and the amalgamated metal was 
washed well with water. The amalgam was added to 6 M 
hydrochloric acid (140 ml) and 51 (6 g, 0.043 moles) was 
added. This reaction mixture was shaken for 30 m and 


then the solution was decanted from the metal. The 
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remaining metal was washed well with water and the combined 
aqueous solutions were saturated with sodium chloride and 
continuously extracted for 14 h with dichloromethane. The 
dichloromethane extracts were neutralized with sodium bi- 
Carbonate (4 g) and dried. Concentration of the organic 
layer gave a white solid that was reecryStalts1 zed, from car= 
bon tetrachloride to yield a crystalline SOL. 5&9 9g (93%), 
Mp bO4 S, 14.6 25 UC he eremarted:(TORfetobs = 62°C. 

The i.r. spectrum (CHC1,) showed absorption at 3460 cm72 
(O-H stretch). 

The n.m.r. spectrum (CDC1,) Showed absorptions at t 
6.90 (s, OH) and t 8.3 (broad) in a ratio of e206 12 eGee 


quired 1:6. 


3-Ethoxy-2,4-dioxatricyclo[3.3.3.0]undecane, 60: (112-114) 


57 (10 g, 0.07 moles) and purified triethyl orthofor- 
mate (10.3 g, 0.07 moles) were mixed in a flask connected 
to a shorttpath .distillatton apparatus. The distillation 
flask was heated to 130° and after about 10 m, ethanol 
began to distill. After one-half hour no more ethanol 
could be collected so a small chip of sodium metal was 
added to the pot and the residue was distilled to give a 
Svea? ORD. Dos eb Cale erborh). eyteid le. 0g (85%) 
and n6° 1.4590. 


The i.r. spectrum (neat) showed absorption at 2960 cm! 


(C=Hestretch 
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iNermMe Mere SpeC trun (CDC1,) Showed absorptions at t 
4.30 (s,- methine proton), t 6.51 (g,d'= 7 Hz} ethoxy 
group), t 8.25 (broad, ring methylene protons) and t 
8.84 (t, J = 7 Hz, ethoxy group) in a ratio of 1:2:17 
as required (areas of all signals betweent8 and t 9 were 


combined. 


1(5)-Bicyclo[3.3.0]Joctene, 98: (112-114) 


—_—_—_—_—_—_—_—_————— 


60 iz gs s06 moles) waseplacecmantai2.5 ml flast 
equipped with a short path distillation apparatus anda 
few crystals of benzoic acid were added. The distilling 
flask was heated to 180°C for five hours. The distillate 


was washed with water (2 x 10 ml) and dried (Na,SO, + 


CaCl,). The clear liquid was purified by chromatography 
On silica gel using pentane as the eluant. The product 


was a colourless liquid, yield 5.6 g G2 Gy) abe pel ait = 


20 
D 
i 


The i.r. spectrum (neat) showed absorptions at 2900 cm”! 


Pee 77 torr), on leas30s) reported (101) b.p. 140 - 


Nae e760 torr). 148378 
(C-H stretch). 


The n.m.r. spectrum (CC1,) Showed absorption at t/7.82 
(ega) i, 
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1(2)- and 1(6)-Bicyclo[4.4.0]decene, pepand 672 (38.11 5- 
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Tetralin (100 g, 0.75 moles) was dissolved in ethyl- 
amine (500 m1) and dimethylamine (400 g) in a two liter, 
3-necked flask equipped with a magnetic stirrer and a dry- 
ice condenser. The mixture was stirred until it became 
homogenous and lithium metal ribbon (ord, 3. 3 notes) o cut 
in small pieces was added. The reaction mixture was 
stirred 12 h and then the dry-ice condenser was removed 
and the solvent was allowed to evaporate into a. dry-ice 
trap for reuse since the solvent is very expensive. The 
reaction vessel was fitted with a reflux condenser and 
water (230 ml) was added over 2 h. The reaction mixture 
was then filtered and the salts were washed well with 
ether. The filtrate was extracted with ether (5 x 100 m1) 
and the combined ether solutions were dried and concent- 
Roabed bo ean, Ol.  Unlse Oi tewas: dast tl) led to give a clear 
colourless mixture of Gee etd 567 5 yiedds 91g. (397) bp. 

76 - 78°C (15 torr). This mixture was used in the next 


Step without further purification. 


1,6-Cyclodecanedione, Oe oe. “o- tte): 


A mixture of 98% formic acid (125 m1) and 30% hydro- 
gen peroxide (48 ml) was placed in a 500 ml, 3-necked 
flask equipped with a magnetic stirrer, a reflux condenser, 


a pressure-equalized dropping funnel and a thermometer, 
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and stirred for 15 m. The octalin mixture prepared above 
09 286¢q(8083 moles) was added over 1 h, while keeping the 
reaction temperature at 45 + 3°C using an ice bath. After 
the initial reaction had subsided the reaction mixture 
Was kept at 45°C for 5 h by heating and then allowed to 
Stand overnight. The reaction mixture was diluted with 
water (300 ml) and saturated with sodium chloride and 

the product was allowed to crystallize overmigntyat 5°C. 
The hydroxy formate was filtered off and hydrolyzed in 

an ice-cold solution of oan hydroxide (24 g) in water 
(80 ml). This reaction mixture was Stirpedvat.0. C itor 

30 m and then at 75°C for 20 m. The mixture was cooled, 
water (225 ml) was added and the reaction mixture was 
Pnenee oredeat 5S2C toy) oneshour a. ihe resulting crude 
trans-diol was collected and dried, yield 42 g (80%). 

The crude diol prepared above (36 g., 0-02) moles) was 
dissolved in benzene (800 ml) and this solution was dried 
for two hours over anhydrous copper (II) Sulphate. Lead 
tetraacetate (100 g) was added and the reaction mixture 
was stirred two hours. The mixture was refluxed for one- 
half hour and then ethylene glycol was added until a test 
with starch-iodide paper indicated no more oxidant was 
present. The resulting salts were removed by filtration 
and the benzene filtrate was washed with water tai bd ekO0 mi) 


and dried. Removal of the solvent gave a white solid 
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which was recrystallized from hexane to give white ervystals, 
34,26 sG G62) abm-<p : }0)45-10235° Ci veported.(116)-99---100°C. 
The ji.r. spectrum (CHC1,) Showed absorption at 1715 cm7+ 
(C=0 stretch). 
The 72mMaG. ospectrum (CDC1,) Showed two broad overlap- 


Ping absorptions at t 7.68 and t Sake. 


1(7)-Bicyclo[5.3.0]decan-2-one, Coase Pont iy). 

CUS SS6 eg NPOTOS3 moles) 2was Suspended in saturated 
aqueous sodium bicarbonate (200 ml) and the mixture re- 
fluxed one and one-half hours. After cooling the mixture 
Was extracted with dichloromethane (3 x 75 ml) and the 
Organic extracts were dried. R noval of the solvent gave 


a light yellow liquid which was distilled GO give a clear, 


colourless oil, yield 4.0 g (80%), Depa a toot OL GC 3015 


torr), no” 1.5320; reported (116) b-p. 117 - 119°C (4 torr), 
25 
ne 1.5240 


The i.r. spectrum (neat) showed absorption at 1645 cm7! 
(C=0 stretch). 

The n.em.r. spectrum (CDC1.) Showed two broad absorp- 
10S, od 91,5748 pand At n8u 8x 
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methanol (75 ml) and the solution was cooled LOe 1 eh 
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an ice-salt bath. Sodium borohydride (7.6, 0.185 moles) 
was added with stirring, while maintaining the reaction 
temperature between O°C and 5°C. The reaction mixture 
was stirred five minutes and water (100 ml) was added. 
This solution was extracted with dichloromethane (3 x 50 
ml). The organic extracts were dried and concentrated to 
yield a white solid, pure by tlc, yield s.4 g (S72), mp. 
ao OO Csemenortved (117) 5] = so°e. 

The i.r. spectrum (CHC1.) Showed absorptions at 3375 


cm”! (O-H stretch). 


The n.m.r. spectrum (CDC1.,) Showed absorptions at t 
OS UG ESE CD a eT Wwe Bie i Ac ba «Tay (broad) in a ratio of 1:16, 


required, 1-15. 


1(7)-Bicyclo[5.3.0]decene, 66: (119-121,148,149) 


Aluminum chloride (30.6 g, 0.29 moles) was added to 
ether (12 m1) and stirred until cool. Lithium aluminum 
hydride (4.4 g, 0.116 moles) was added and the slurry 
was stirred 15 m. 26 (TO Ge 04067 moles) was dissolved in 
ether (100 ml) and this solution was added very slowly 
to the slurry of reducing agents while maintaining the 
temperature of thereaction vessel at 10°C with a water 
bath. If this addition is not carried out Slowly enough 
the reaction mixture will decompose vigourously. After 


the addition was complete the reaction mixture was re- 
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fluxed for 55 minutes. The resulting suspension was cooled 
in ice and diluted with ether (200 ml). Sodium sulphate 
decahydrate was added in small portions with vigourous 
Stirring and cooling in an ice bath until no more hydrogen 
was evolved and the mixture was pure white. The precipi- 
tate was removed by filtration and washed well with ether. 
The washings and filtrate were combined and washed with 
water (2 x 75 ml) and dried. Removal of the solvent gave 
a yellow oil. Distillation in a Kugelrohr apparatus gave 
a colourless oil which was further purified by chromato- 
graphy on alumina (Brockman Activity 1) using pentane as 
eluant. The product was obtained as a colourless ic tdi, 


yield 5.2 9 (57%), b.p. 193°C (700 torr), n° 1.4937; 


20 
D 


The i.r. spectrum (neat) showed absorption at 2900 cm 


reported= (143) bap. 9520027 storms n 
1 
(C-Hestretch). 

The proton n.m.r. spectrum (CDC1,) Showed a broad 
featureless absorption between 7.5 and 8.8 tc. 

The eG n.m.r. spectrum (CDCI) Showed six signals 
at (in ppm downfield from TMS) 137.16, 40.03, 30.75, S016 5 
CET Oana 22 630% 

Analysis: Calculated for Ciotie: COS LO Serge bods 
POnuud: Cer oo 4, sue, (es. . 
Triethylamine-Borane, 83: (125,150,151) 


This was prepared using the method of Bonham and - 
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Urago- Wings 
Anhydrous triethylammonium chloride (90 g, 0.65 moles) 

(153) was added in two portions to a stirred SAMUEL VY) Ot 
sodium borohydride (30 g, 0.8 mole) in anhydrous tetra- 
hydrofuran (500 ml) contained in a one liter, 3-necked 
Flask. The reaction was carried out in an inert atmos- 
Phere of anhydrous, oxygen-free nitrogen. The reaction 
mixture was stirred two hours and then refluxed for 14 hh. 
Filtration of the reaction mixture through "Celite" and 
concentration, gave a colourless oi1 which was distilled 


to yield a colourless liquid, yield 55 Caen ar be oe 58 


29 
Np 


1ee427.,. MaDe CA 


61°C (1.5 torr), 


2] 
D 


We4420, Mp. 3 C to -3°C: reported 
(enzo en 


1,5-Cyclododecanediol, eis alba e hoe ej. 
Se ee ee ee ee ee, 

This procedure was basically a combination of the pro- 
cedures of Rotermund and Koster (127) and Fujita and 
Nozaki (123), and must be carried out using inert atmos- 
phere technique with dry, oxygen-free nitrogen since the 
intermediate is very oxygen and moisture sensitive. 

A mixture of cyclodeca-1t,5t,9c-triene (31 9g, 0.2 moles) 
and triethylamine borane (22.0 g, 0.2 moles) in pure 
cumene (140 ml) was added dropwise with stirring to cumene 
(140 m1) at 145°C contained in a one liter, 3-necked 
flask equipped with an addition funnel, a reflux condenser, 


a magnetic stirrer and a nitrogen inlet and outlet. The 
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reaction mixture was cooled and the cumene was removed by 
Vacuum distillation using a nitrogen bleed at 16 torr. 
The residue from this distillation was transferred to a 
smaller flask using inert atmospheric technique and was 
distilled to yield a colourless oil, rep. “P29 = STC ¢ 

(17 “torr) J "reported 7(723): Dep Vee e- P28 °C S016 “torre). 
The yield was about 50% of 9b-boraperhydrophenalene. 

The borane prepared above was dissolved in cyclohex- 
ane (250 ml) and transferred under nitrogen to a1 liter 
flask equipped with a magnetic Stimrer, “da das “inlet and 
outlet, a reflux condenser and a pressure-equalized 
addition funnel. Glacial acetic acid (Sey cao 021 mole) 
in cyclohexane (100 ml) was added and the reaction mixture 
was refluxed for 30 m under inert atmosphere. The re- 
Sulting clear solution was cooled to 5°C and a solution 
of potassium hydroxide (22.5 g) in methanol (375 m1) was 
added over 10 m. When thereaction mixture had cooled to 
5 Goa “solutiennof 6207 H50., (32 ml) in methanol (95 ml) was 
added dropwise over one hour while maintaining the reaction 
temperature below 10°C. This two-layer mixture was stir- 
red 2 h and then the solvent was removed to give a cloudy 
oi11. 2N potassium hydroxide (375 ml) was added and this 
solution was continuously extracted with ether for 40 h. 
Most of the product crystallized in the extractor flask 
and this was collected to yield 12.3 g of peoduct...- The 


ether extracts were dried and evaporated to an oi] which 
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crystallized to give 2.5 g of product. Total yield of 
white crystals was 14.8 g (397 )5m.p. 154 = 156°C. 

The i.r. spectrum (CHC1.,) showed absorption at 3250 
ém*! (OH stretch). 

The n.m.r. spectrum (DMSO-d, ) Showed absorption at t 
9-78" (d5. OH} Stid’t"9. 76 (bYoad) ina ratio of 1:11*as 
required. 

The mass spectrum showed no molecular ion but the 

) 


First fragment was at m-18. 


Analysis: Calculated for Coho 40 emo o sls se aor 
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1,5-Cyclododecanedione, [ae Giese rao 
ee ee ee et 
71 (10 g, 0.05 moles) suspended in purified acetone 


(500 m1) was oxidized with Jones reagent (146) as in the 
preparation of ol. The crude product was VECTYsStal lized 
from methanol/water to give colourless crystals, yield 
Tao TS) mrp. "6625 = 6895 °C. Reported. i7s emp "65.5 
Giro, CG. 

The i.r. spectrum (CHC1,) showed absorption at 1700 cm7! 
(C=O stretch). 

The n.m.r. spectrum (CDC1.,) Showed a broad, feature- 
Tess absorpeion ater 770 "oo" 
1(8)-Bicyclo[6.4.0]dodecen-9-one, 73: (123) 


aS 
72 (5 g, 0.025 moles) was dissolved in a solution of 
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4% potassium hydroxide in methanol (250 ml) and the solu- 
tion was refluxed for 30 m. After cooling to 5°C and 
dilution with water (80 ml) the solution was extracted 
with dichloromethane (4 x 75 ml) and the combined organic 
extracts were washed with water (50 ml) and dried. Re- 
moval of the solvent gave a brown oi1 which was distilled 
CO yield@astainthy yelloweliquideayield 3.9 4 CSG) aD De 
Coe 07a Ce ele LON). VEPantedmelzs)b. ps 100° (255 
torr). 

The i.r. spectrum (neat) showed absorptions at 1660 cm 
(C=0estretchj sand 1625 (C=C stretem. reported (85), 
1661 and 1629 cm”! respectively. 


The n.m.r. spectrum showed broad, featureless absorp- 


tron-a-t-+t-—7-.-3-+--8--8- 


1(8)-Bicycto (6.4.0 |dodecen-9-o01, ST: (S073). 


34 (3.6 g, 0.02 moles) dissolved in ether (15 ml) 
was added dropwise with stirring over 10 m to a suspen- 
sion of lithium aluminum hydride (2.4 g, 0.06 moles) in 
ether (40 ml) at -78°C. The reaction mixture was allowed 
to warm to room temperature and was stirred 5 h. Water 
(2.3 ml), 2 N sodium hydroxide solution (2.3 ml) and 
water (7 ml) were added successively and the resulting 
solid was filtered off and washed with ether. The com- 
bined ether solutions were washed once with water (20 ml) 


and dried. Removal of the solvent gave a colourless oil 
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which crystallized. Recrystallization from methanol/H.0 
gave colourless crystals, yield 3.3 293.5732 Fit. p 297. 2-e- 
G3 SC. 

The i.r. spectrum (CHC1,) Showed absorptions at 3600 
(OH stretch, non-hydrogen bonded) and 3440 (0-H stretch, 
hydrogen bonded). | 

The n.m.r. spectrum (CDCI) Showed absorptions at Tt 
5.96 (methine protons) and t 7.4 - 8.8 (broad, ring pro- 
tons) in a ratio of 1:18 as required. 

Analysis: Calculated for Coty): eee Oe Oe Le TE TiBe 
Bound 605 2.9. Soe 11), 18: 


1(8)-Bicycto[6.4.0}dodecene, eo 298 


a a ee 


This reaction was carried out as in the preparation 
of 66 using 73 (6.0 g, 0.34 moles) in ether (30 ml) added 
to a siurry of aluminum chloride (15.7 g) and lithium 
aluminum hydride (2.2 g) in ether (5 m1). Following dis- 
tillation and chromatography as described, the product 


was obtained as a colourless oil, yield 3.5 g (63%), 
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The i.r. spectrum (neat) showed absorption at 2900 cm! 


1.5020; reported (130) b.p. 
G4 =7687C ( laeonghgein 1.4995. 
ECGs esitrestich:) : 

The n.m.r. spectrum (CC1,) showed absorptions at Tt 
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C n.m.r. spectrum (CDC1.,) Showed six signals at 
(in ppm downfield from TMS VSO 8321013 2 52'91,715) Pig! rad ae 
26884, Cdrid- 623-569: 

Analysis: Calculated for C1 oHog 8ST WAS; BHES BD 27 | 
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9,10-Dioxa[3.3.2]propellane, 48: 


Ether (4 ml) was placed in a 25 ml three-necked flask 
equipped with a magnetic stirrer, a powder funnel, a low 
temperature thermometer and a cold bath at -45°C. When 
the ether had cooled to -40°C, 982% hydrogen peroxide (1.7 
g) was added in three portions allowing the internal tem- 
perature to return to -40°C before each addition. When 
the temperature had returned to -40°C after the last 
gddipton. 19 (Te Org s9.2 x ini moles) was added. Then 
1,3-diiodo-5,5-dimethylhydantoin (1.75 g, 4.6 x 1073 
moles) was added in small portions over 1.5 h never allow- 
Ing the temperature to rise above -40°C. When all the 
hydantoin had been added, the reaction mixture was 
Stirred for 15 m at -40°C and then allowed to warm Slowly 
to -25°C. The reaction mixture was poured into ice-water 
(30 m1) and ether (20 ml) and the Organic layer was washed 
quickly with water (2 x 20 ml), ice-cold 5% aqueous 
sodium thiosulphate solution until the colour of iodine 
was just discharged and then once more with water (20 ml). 


The organic layer was dried at -20° and then concentrated 
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to one-quarter volume (using an ice bath) and cold VO269 
dichloromethane (30 ml) was added. This solution was 
again concentrated to one-quarter volume. The dichloro- 
methane solution of the iodohydroperoxide was added to a 
stirred slurry of silver acetate (5.5 g) in dichlorometh- 
ane (40 ml) and stirred 15 m at 0°C. The reaction mixture 
was filtered through "Celite" and the filtrate was washed 
with water (20 ml), 1% aqueous sodium bicarbonate solution 
(20 m1), and water (20 ml) and dried. Removal of the sol- 
vent at 0°C gave a light yellow oil containing the dioxet- 
ane. 

This yellow oil was distilled at room temperature 
(21°C) and 107¢ torr.» trappingetheswolatiles at -78°C. 

The volatile material was a bright yellow oil. 

Five such preparations were combined and the bright 
yellow oily material was chromatographed at -40°C on 
Silica gel (20 g) using pentane:ether::95:5 as the eluant. 
Collection of the yellow band from the column followed 
by evaporation of the solvent at 0°C gave a bright yellow 

pj] which was recrystallized (3x) from isopentane at -78°C 
ae Oivesthe product evieldr 0 2/q (47), 92% pure by iodo- 
Metric titration, 

ine nom.r. spectrum (CCl) Showed absorptions at tT 
S29 Am liipl et yaa 7 Se Se 2a broads anders. 3 =. 6.9 
(broad). The signals were all overlapping and no good 


relative areas could be reported. 
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Thermolysis of 48: 


A sample of 48 in pentane was evaporated to dryness 
and the flask was stoppered. About 30 s later it was 
observed that the material in the flask was a white solid 
and not a yellow liquid. This material weighed 59.0 mg 
and tic indicated that two materials were present. Column 
chromatography on silica gel using ether as the eluant 
let to isolation of 42.0 mg of white crystals which were 
identified as S| by mixed melting point with the authentic 
material and by tlc. The second component could not be 
isolated and apparently only a trace was present. The 
second component was present in the original dioxetane. 


The yield of product was 42.0 mg (84%). 


Reduction of 48: 


A solution of 48 (46 mg) in pentane (4.5 ml) was 
added to a stirred slurry of lithium aluminum hydride 
(90 mq )4i1n-ether~ (20-1) "at 278°C. \- Fhe product was iso- 
lated as in the preparation of 35. After two coevapora- 
tions with benzene (10 ml) to remove any water a white 
solid (41 mg) was obtained. Thin layer chromatography 
indicated a faint trace of impurity. The identiy of the 
product was confirmed to be 57 by mixed melting point 


(64 - 65.5°C). The yield was 41 mg (86.6%). 
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11,12-Dioxa[5.3.2]propellane, 49: 
ee ee ee i tt ee ee 

This dioxetane was prepared using the method of pre- 
paration described for the synthesis of go UsINgG™= 06 (2.0 
g, 0.015 moles), ether (12 m1), 98% H0, Zon dO) wanderers = 
diiodo-5,5-dimethylhydantoin (2.75 g, 7.2 x 1072 moles). 

This resulted in a yield of about 2 g of yellow oil. 
This oil was purified in four portions by column chromato- 
graphy at -40°C on silica gel uSing pentane:ether:4:1 as 
the eluant and collecting the yellow band. The combined 
products from the four chromatographies were combined and 
rechromatographed at -40°C as before. The light yellow 
Solid obtained was recrystallized (4x) from isopentane at 
-78°C. This gave yellow needles, yield 0.65 g7 20.) 
m.p. 57 - 59°C, 99.5% pure by iodometric titration. 


THe in. ys) Specurum (CC1,) Showed a broad absorption 


between t 7.1 and Tt 8.9. 


1, 7-Breyctof 527370 |decanedtol, 12% ‘gsteny 


OPCS SS eel 10°? moles) in ether (15 ml) was 
added to a solution of osmium tetroxide Wi Oo. 3.9 x ee 
moles) in ether (40 ml). The reaction was stirred under 
dry argon for three hours and then allowed to stand 20 h. 
The ether was evaporated on a hot water bath and a solu- 
tion of sodium bisulphite (7 g) in water (100 ml) and 
ethanol (25 ml) was added to the solid residue. This. 


solution was refluxed for 30 h and then filtered. The 
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ethanol was removed on the rotary evaporator and the re- 
maining solution was extracted vicietih dichloromethane 
(43 x°530 nile avkhe Organic layers were combined, dried 
and concentrated to a yellow oil. The diol was separated 
from the minor amounts of impurities by column chromato- 
graphy on silica gel using ether as the eluant. The 
product was a colourless oil, yield 0.45 g-(68%)4— Some 
Of this oil; was’ distilled (2x) in a molecular still to 
obtain an analytical sample. 

The i.r. spectrum (neat) showed absorptions at 3460 
cm! (0-H stretch). 

The n.m.r. spectrum (CDC1.,) Showed absorptions at Tt 
6.73 (s, OH) and t 8.38 (broad) in a ratio of 1:10, re- 
quired 1:8. 


The 13 


C n.m.r. spectrum (CDC1,) Showed absorptions at 
(in ppm downfield from TMS) 82.21, 43.43, S02 AS B05 ; 
id £821 0 eain'ds $24) 40/1}. 

The mass spectrum gave a molecularion at 170 as re- 


quired. 


Analysis: Calculated for C..H..0 


10 18° Cig e/ Om Stpcteyy £1103.06.6 . 


Pouimest iG.n 0/0 5:63; ai,) 10.06 2a 


Reduction of A2e 


Reduction of 49 was carried out as described for 48, 


using 49 (50.0 mg, 3 x 1074 moles). The product was a 
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colourless oil that was identical in behaviour on thin 
layer chromatography (in both ether and ethy] acetate) 
to 7/9. The product of this reduction was confirmed to be 
79 since the two i.r. spectra were identical. Yield of 
79 was 46.0 mg (91%). 
1 6)=Bicyelol 4.420 }decen.2-one. 81: MisGs 13 Wet 33). 
Se ee Pet oie Ne Be 
As ar nos 66. 
66 bOeebed wen. 83 x toe moles) was ozonized with ozone 
in argon (133) in ethylacetate (40 ml) at -78°C. When a 
light blue colour was visible in the solution indicated 
ozonation was complete the solution was allowed to warm 
Slowly to O0°C while passing argon through the solution to 
remove excess ozone. Then Adam's catalyst (200 mg) was 
added and the solution was hydrogenated at 0°C and atmos - 
pheric pressure. Removal of the catalyst and solvent gave 
pecosourless oLls yield, 0.29 0,(047) 9 Thi material 
Showed absorptions at 3480 and 1705 in the i.r. spectrum 
and was probably 80. _ 
The product was dissolved in 1% potassium hydroxide 
in methanol (25 ml) and warmed on a steam bath until thin 
layer chromatography indicated that the reaction was com- 
plete (almost immediately). The reaction mixture was 
diluted with water (25 ml) and extracted with dichloro- 
methane (3 x 25 ml). The combined organic extracts were 


washed once with water (50 ml) and dried. Removal of the 
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solvent gave a light yellow oil, yield 240 mg (92%), 


20 20 
Mp D 


and the oxime were prepared (42) in 88% and 91% yield,re- 


reo0005 reported (13s) nh 1.4931. The semicarbazone 
spectively,and had melting points of 243 - 245°C and 147- 
TA8oC respectively, reported \1soinedn -9 247°C ennai 4s” - 
149°C. 

The i.r. spectrum(neat) showed absorption at 1670 


cm7! (C=O stretch). 


Be From 79 


79 (0.045 9g, 2.64 x 10° moles) was dissolved in di- 
chloromethane (10 ml) and stirred for 2 h with Atten- 
burrow's active manganese dioxide (0.5 oe (OG ay Removal 
of the catalyst and solvent gave a DaVtly erystalline Ol. 
This oi] was dissolved in ethanol (0.5 ml) and 2 N sodium 
hydroxide solution (4 drops) was added. After five 
minutes, a solution of hydroxylamine hydrochloride COSZ5 
g) in water (1 ml) and 2 N sodium hydroxide (0.5 ml) was 
added. The oxime was isolated as in A as a wnite. crys tal - 
lone solids yaeld sGemcecoo nan aa) AS 1 147°C, reported 
so 148 tag 7c 


Thermolysis of AO: 


ao" (100 mgePeto N°1b-F 


moles) was dissolved in benzene 
(5 ml) and the solution was heated in a sealed tube at 


100°C for 15 h. Removal of the solvent gave a partially 
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crystalline oil. The oxime was prepared from this oi] 
as in B above and isolated as a yellowish crystalline 
Solid, yield 80 mg (89.5%) m.p. 143 - 145°C, reported 
iss) 7148" 5149°%C. “Avmnixed melting point with the oxime 
of 8] prepared above showed no despression of the melt- 


ing point. 


Rates of Chemiluminescence Decay: 


Rates of decomposition of the dioxetanes were obtained 
by measurement of the rate of chemiluminescence decay uSs- 
ing a Turner Model 430 spectrofluorimeter with the xenon 
Source lamp turned off. The 60 nm emission monochromator 
bandwidth was used for maximum Sens | Givi ty MWwi th thé .emis- 
SiOn monochromator set at 450 nm. The sample cell was a 
jacketted Pyrex cell with a 10cm path length and one end 
of the cell was silvered. The sample was introduced into 
the middle of the cell which had a Ca pac Phyto F010 om k. 
Temperature control was provided by a Colora circulating 
water bath. 

For 48 Samples were prepared by measuring out a known 
volume of a stock solution of the dioxetane and making 
this up to 10.0 ml with 107° M DBA or DPA solution. The 
solvent used here was purified benzene. 

For 49 samples were prepared by dissolving weighed 


fe 


samples of dioxetane in 10 “ M DBA in purified toluene. 
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Readings were taken at suitable intervals and the 
cell temperature was measured before and after each run 
by placing a thermometer directly into the Sample solu- 


Otte 


Activation Energies by the Temperature Change Method: 


Samples were prepared as above. The two temperatures 
were provided by two Colora circulating water baths con- 
nected to the spectrofluorimeter in parallel. Temperature 
equilibration was obtained in two minutes in changing 
from one temperature to the other. Only DPA was used as 
the fluorescer in these experiments. Both the temperature- 
rise and the temperature-drop experiments were done. 

Readings were taken at one temperature and then the 
temperature was changed rapidly and as soon as equilibra- 
tion had been reached, a second reading was taken. Careful 
choice of the temperatures used must be made so that 
virtually no dioxetane decomposes during the equilibration 


period. 


Dependence of Chemiluminescence on Fluorescer Concentration: 
Measurements were done using the same experimental 
apparatus and conditions as described in the kinetics 
section. 
Samples were prepared by mixing 1.0 ml of dioxetane 


stock solution with known volumes of fluorescer stock solu- 
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tions and solvent. Benzene was used as a solvent in all 
cases. 

FOr-exanple, for a solution io M in DBA the sample 
Was prepared by pipetting the following solutions into a 
clean test tube, 1.00 ml dioxetane stock Solution,» 1.00 


ml 107¢ 


M DBA stock solution and 8.00 ml pure benzene. The 
Sample was well mixed and then placed in the sample cel] 
at the desired temperature. The temperatures used were 
selected so that the concentration of dioxetane remains 
constant for the duration of the temperature equilibration 
period and the measurement period. Samples containing 
various concentrations of DBA and DPA were used. 

For 48 temperature equilibration was complete after 
3 mand readings were taken after this time. The read- 
ing remained constant for at least 10 m. 

For 49 at 69°C considerable outgassing prevented 
readings from being taken until about 12 m had elapsed. 
However the reading appeared to be constant over a 15 m 


period,at least. 
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